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Abstract
The complete study of the interfacial properties of an eiectrocatalyst necessitates 
the use of multiple complementary surface sensitive techniques. The predominant too! to 
use in this study is electrochemistry. We used voltammetry and amperometry to study 
the deposition of nanoparticle catalysts onto inert working electrodes. We determined 
that spectroscopic grade graphite was a suitable substitute for commercially-obtained 
electrode supports, while Toray carbon paper was not suitable in the electrochemical 
testing environment. We also determined that the use of Nafion hindered the 
electrochemical response of nanoparticle electrodes for both hydrogen underpotential 
adsorption / desorption and fuel oxidation. There was a pronounced effect for formic 
acid oxidation on platinum / Nafion mixture, out of proportion to the effect on hydrogen 
adsorption / desorption.
We also optimized spontaneously deposited Pt/Pd catalyst. The optimum 
palladium coverage for unsupported platinum black was 9 = 0.79, whereas for carbon- 
supported platinum black it was 0 = 1.39. The catalyst was also inspected via EC-IRAS, 
which indicated the presence of palladium on the surface and smaller particle sizes. It 
also revealed a potential tool for determining the poison from formic acid oxidation on 
palladium nanoparticles. Further, the catalyst was tested using methyl formate as a fuel, 
in order to determine the efficacy of methyl formate oxidation. This fuel was determined 
to hold no advantages over formic acid for oxidation with the Pt/Pd catalyst. This study 
also revealed the inadequacy of methanol oxidation on the Pt/Pd catalyst.
We also used radiolabeling with electrochemistry to examine the poison / 
potential and poison / environment relationships. The poison from methanol and formic
111
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acid was determined to be strongly adsorbed CO, which was replaceable by CO passed 
through the electrolyte. The potentiometric differences between methanol and formic 
acid oxidation were also studied on a platinum black substrate. Formic acid oxidation 
was determined to go through the direct CO2 pathway, with poison buildup from € 0  
formation only observed in a dynamic experiment in the hydrogen underpotential 
deposition region on platinum. This verified the need for hydrogen to be present to cause 
the formic acid oxidation process to poison the surface. Finally, we attempted to identity 
the poison species from formic acid oxidation on palladium. The experiments revealed 
that palladium is not significantly poisoned by carbon-containing species during formic 
acid oxidation.
IV
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Chapter 1 
Introduction
1.1. Background
The properties of catalysts were first defined by Berzelius in 1836/ Since then, 
catalysts have performed an integral role in both chemistry and industry. The field of 
catalysis can be split into two categories: homogeneous catalysis and heterogeneous 
catalysis. Heterogeneous catalysis, pertaining to catalysis that occurs at the interface of 
two or more materials (usually a solid / liquid or solid / gas interface), has drawn much 
attention from surface scientists.^ A subcategoxy of heterogeneous catalysts, 
electrocatalysts, involve chemical reactions occurring at the electrochemical interface. It 
is these catalysts that are of interest in fuel cell science.
In modem fuel cells, the fuel is oxidized by being passed over an eiectrocatalyst 
at the anode. The result is usually free protons, which are directed via an electrolyte 
membrane to the cathode, and electrons, which are directed through an extemal circuit to 
the cathode. The protons and electrons then are utilized by the cathode eiectrocatalyst to 
reduce another substance to the end product. The electrons traveling through the circuitry 
produce a current, providing electrical power. The electrocatalysts in most modem fuel 
cells are platinum or platinum-based, due to the high efficiency of hydrogen oxidation on 
platinum.^ However, Pt becomes rapidly poisoned by a reaction intermediate and/or 
contaminate, so a second material must be added to the Pt in order to improve its CO 
tolerance.
In a simple hydrogen fuel cell (HFC), the anode fuel is H2 and the cathode fuel is 
O2 , with the end product being H2O.® If the anode fuel (hydrogen) is sufficiently pure,
1
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the concern over poisoning of the eiectrocatalyst is negligible. Unfortunately, the most 
practical and economically feasible sources of hydrogen with current technology are by 
reforming hydrocarbons. The sources most commonly targeted for reforming are natural 
gas (methane) or methanol. More recently, research from the University of Minnesota® 
has demonstrated a practicable hydrogen reformer for ethanol, a readily available fuel, 
potentially derived from biomass that is currently viewed as waste. The problem with 
these reformates is the contamination of the hydrogen with CO, a common byproduct of 
reforming. The source for O2 in the cathodes for these, and other fiiel cells, is primarily 
from moistened air. Still, some investigations have been conducted in the use of 
hydrogen peroxide or other more readily reducible sources of oxygen. These hydrogen 
fuel cells are planned as the primary source for fuel cell power for automobiles and large- 
scale electrical power; or, if feasible, smaller devices may also be powered by MFCs.
Much of the current fuel cell research has concerned the direct methanol fuel cell 
(DMFC). In this cell, the methanol is directly fed into the anode, instead of being 
reformed to hydrogen prior to feeding. Although this limits the energy which is 
commonly lost in the reforming process, the extent of CO poisoning is greatly increased, 
as the primary pathway for methanol oxidation to CO2 is via intermediate C0.'°’ The
19most promising anode catalyst for methanol is platinum modified by ruthenium. In
1terms of CO tolerance, the optimum bulk ratio for a Pt-Ru alloy is ~ 50:50. However, 
when studied with respect to the methanol oxidation reaction, the optimum ratio of Pt:Ru 
is 85:15.*^
Research primarily conducted by the Wieckowski and Masel groups concerns the 
direct formic acid fuel cell (DFAFC). The advantage that formic acid has over methanol
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
is the predominance of the oxidation pathway directly to This is also reflected in
the faster kinetics of the formic acid oxidation, as compared to methanol. Preliminary 
research regarding the optimum anode catalyst for the DFAFC revealed the superiority of 
platinum / palladium over nanoparticle platinum black, or even platinum / ruthenium.*® 
These investigations have been continued in this research document.
Since the interactions occur at electrode surfaces, techniques used to study these 
reactions must be surface sensitive. These techniques include electrochemical techniques 
such as voltammetry and amperometry, microscopy techniques such as STM and SEM, 
spectroscopic techniques such as XPS, AES, IRAS, and EC-NMR, and radiochemical 
techniques such as Beta spectroscopy.^’ The research in this document was primarily 
conducted using voltammetry, amperometry, IRAS, and radioactive labeling.
1.2 Electrochemical methods
The analysis of electrocatalysts is predominantly performed by electrochemical 
techniques such as voltammetry and amperometry. Since the material in question is, by 
definition, electrically active, the material can be primarily characterized by 
electrochemical means. Voltammetry, predominantly cyclic voltammetry, is used as a 
materials characterization method. Each electroactive material responds in a unique way 
to voltammetric changes. For example, polycrystalline platinum can be identified by 
unique characteristics, specifically the underpotential deposition of hydrogen on both the 
anodic and cathodic peaks, and the characteristic oxidation and reduction peaks. In 
addition, adsorbates, such as carbon monoxide, reveal characteristic peaks on cyclic 
voltammograms, in this case, the oxidation of carbon monoxide to carbon dioxide.
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A primaiy use of cyclic voltammetry in fiiel cell research is to determine the real 
surface area of the platimmi or modified platinum electrode. For polycrystalline 
platinum, this can be determined by integration of the peaks corresponding to the 
underpotential adsorption, and desorption of hydrogen (See Figure 1.1). The ratio of 
charge to surface area is approximately 210 pC to 1 sq cm.^* This value is not an 
absolute value, but rather a weighted average of the empirically determined values from 
the vicinal faces of the fee platinum crystal, Pt (111), Ft (110), and Pt (100). The 
empirically determined ratios for underpotential deposition of hydrogen for these surfaces 
are 243 pC cm'^, 147 pC cm'^, and 208 pC cm'^, respectively.*®’ ®^
Additionally, it has been established that an approximate value for surface area 
can be determined by integrating the peak resulting from the oxidation of CO to CO2 . 
This technique is known as CO stripping voltammetry (See Figure 1.1). The ratio factor 
for CO stripping charge is 420 pC cm" ,^ essentially twice that for hydrogen stripping. 
This is due to the two electrons necessary to oxidize one CO molecule from the platinum 
surface, as opposed to the one electron per H atom. The surface area returned from this 
technique is approximate, especially when taking into consideration that even a 
“saturated” surface is only ~ 90% covered with CO.^* Due to the distortion and/or 
masking of the hydrogen adsorption and desorption peaks when ruthenium or palladium 
is adsorbed to the surface, the charge from CO oxidation is the only reliable and 
reproducible method to determine real surface area.
The other primaiy electrochemical technique, chronoamperometry, is performed 
by measuring the resulting current at a static potential versus time. This is the primary 
method used to characterize the interaction of the surface with a species in the electrolyte.
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In most cases of anodic fuel cell catalyst studies, chronoamperometry is used to 
characterize the oxidation activity of the electrode surface toward a foe! at varying 
potentials and foel concentrations. Chronoamperometry can also be used, via integration, 
to determine the charge passed in the electrodeposition of a surface adsorbate, thereby 
enabling the determination of the amount of material deposited.
1.3 Radioactive labeling with electrochemistry
Although electrochemical techniques reveal essential information about surfaces, 
a key drawback is the indirect nature of conclusions from the observed data. Current is 
integrated versus time to derive charge, and this is then assigned to a surface species due 
to previous observation, e.g., the CO stripping peak on Pt. In radiolabeling, the nature of 
the surface adsorbed species is more directly observed. In addition, the surface is 
observed in-situ, with electrochemical modulation of the surface permitted.
The surface is observed in these experiments via beta spectroscopy, specifically 
using a surface sensitive technique known as the thin-foii method. In this method, the 
working electrode is a metallized polyimide foil, with a gold lead connecting it to the 
potentiostat.^^ The foil is necessarily thin, to limit the possibility of adsorption of the 
weak beta particles. The foil covers a scintillator, which is connected to a 
photomultiplier tube (PMT) via a light pipe/scintillator combination. The cell, as 
illustrated in Figure 1.2, also consists of a Pt counter electrode, a reference electrode via 
luggin capillary, and input / output tubing to allow the exchange of electrolyte and gas 
purging of the cell.^^
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
In beta spectroscopy, the material to be studied is characterized by a distribution 
of beta particle energies that correspond to the decay of the radioactive isotope present. 
For the experiments in this dissertation, the radionuclide of concern is carbon-14. has 
a maximum beta energy (Emax) of 0.155 MeV and a half-life of 5720 years (Table 1.1)."^  ^
This means that the -radiolabeled compounds are relatively stable under experimental 
and storage conditions, and that experiments with this relatively weak emitter do not 
require any extra shielding or other restrictive radiological safety considerations beyond 
those which would be required under normal chemical safety conditions. Additionally, 
the molecules which are of interest to the study of fuel cell anode catalyst (carbon 
monoxide, methanol and formic acid) can all be labeled with this radionuclide.
Radioactive labeling in electrochemistry has been previously utilized mainly in 
the study of single crystals or low-surface area small polycrystalline samples.^^ In some 
cases, the working electrode was in a squeezed position with relation to the scintillator 
window, resulting in thin film electrochemistry, which is hampered by the lack of 
diffusion to or from the electrode surface. The technique employed in these studies 
consisted of the working electrode covering the scintillator, eliminating this problem. 
These thin foil techniques have been used to study the adsorption of methanol and formic 
acid, sulfate ion, and even tritium molecules on the surface. Table 1.1 illustrates the 
different radioactive atoms which can be used with this technique.
In early experiments, the electrodes used were smooth surfaces, with very low 
roughness factors, often consisting of the metal evaporated onto the thin polymer film, or 
even directly onto the glass scintillator. Where '^*C-labeled compounds are concerned, 
this limited the experiment to low bulk concentrations (See Table 1.2). The relationship
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between the background solution and the adsorbed species is demonstrated in equation 
122
^  NadsNACilQ- )^ . ,1 = -----------------------------------  equation 1
NbackgjuR
where F is the surface concentration, Nads is the counting rate of the adsorbed species, 
Nbackg is the counting rate, Na is Avogadro’s number, c is the bulk concentration, p is the 
linear absorption coefficient of the radiation in solution, R is the roughness factor of the 
electrode, and 10" is a conversion factor. As equation 1 demonstrates, the ratio of the 
counting rate of the adsorbed species (Nads) to the background counting rate (Nbackg), with 
other factors being fixed, determines the surface concentration. If the non-labeled 
concentration of target species were too high, then too many non-labeled molecules 
would adsorb on the surface. This would greatly limit the number of labeled molecules 
which could then adsorb, causing the signal to be too low above background to be 
differentiated, effectively limiting the Nads factor. In practical terms, this results in a bulk
7. 99
concentration limit to 10' M. As equation 1 also shows, there is a roughness (R) term 
in the denominator of the equation. Roughness is the ratio of real surface area to 
geometric surface area. Therefore, with sufficiently rough surfaces, a higher bulk 
concentration can be employed. With the nanoparticle electrodes studied in this work (R 
= 70), the bulk concentration could be increased, with best results obtained at formic acid 
and methanol concentrations of 10' M.
1.4 Infrared reflection-absorption spectroscopy
Infi-ared reflection-absorption spectroscopy (IRAS), when combined with 
electrochemistry, can be revealing as to the surface morphology and chemistry of a
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sample. As with radioactive labeling combined with electrochemistry, this technique has 
expanded the study of surfaces from a vacuum environment to solution interfaces. 
Performing experiments in solution allows the use of electrochemical control, providing 
for the characterization of a surface in dynamically modulated electrochemical 
environments. Although there is a problem with infrared absorption by water in the 
solution, this is minimized by using the squeezing technique to shorten the optical path 
length through the solution.^^ This does lead to the problems of thin-film 
electrochemistry, but still permits the infrared characterization in an electrochemical 
environment, which would otherwise be precluded. As a species trapped within the thin- 
layer could not be differentiated from one that is adsorbed on the electrode surface, 
spectra are taken at different potentials, with sufficient amounts of time between each 
measurement to allow the unbound species to diffuse from the interface.
Initially, this technique was known as electrochemically modulated Infrared 
spectroscopy (EMIRS), with the electrochemical modulation consisting of rapidly 
changing potential between two points while scanning.^^ With the increasing availability 
of FTIR instrumentation, the main experimental thrust shifted to SNIFTIRS, or 
subtractively normalized interfacial Fourier transform infrared spectroscopy, which is 
the technique used in the former Weaver laboratory, and currently in the Wieckowski 
group. To acquire the information used in this technique, infrared reflectance-absorption 
spectroscopy is coupled with electrochemistry, and the technique is known as EC- 
I R A S . T h i s  technique can be used with smooth crystal surfaces, but is also applicable 
with nanoparticies that are immobilized to a reflective metal surface (highly polished 
polycrystalline gold) in a small amounts (monolayer or sub-monolayer).^"* Figure 1.3
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shows the setup of the FTIR instrument, the electrochemical cell, the mirrors, and the 
detector. The pathway of the beam is shown for clarity.
Both commercially available and decorated nanoparticies can be analyzed using 
the previously described techniques. The techniques were applied to examine working 
electrode preparation, a decorated nanoparticle and a possible alternative fuel, and the 
properties of the adsorbed poison from oxidation of small molecules. The results are 
contained in this dissertation.
List of references
(1) Somorjai, G. A. Introduction to Surface Chemistry and Catalysis, 1994.
(2) Markovic, N. M.; Ross, P. N. Surface Science Reports 2002, 4 5 ,121-229.
(3) Lu, G. Q.; Wieckowski, A. Current Opinion in Colloid & Interface Science 2000, 
5, 95-100.
(4) Watanabe, M.; Motoo, S. Journal o f Electroanalytical Chemistry and Interfacial 
Electrochemistry 1985,194, 275-285.
(5) Watanabe, M.; Shibata, M.; Motoo, S. Journal o f Electroanalytical Chemistry and 
Interfacial Electrochemistry 1985,187 ,161-174.
(6) Motoo, S.; Shibata, M.; Watanabe, M. Journal o f Electroanalytical Chemistry and 
Interfacial Electrochemistry 1980,110, 103-109.
(7) Watanabe, M.; Motoo, S. Denki Kagaku oyobi Kogyo Butsuri Kagaku 1976, 44, 
602-607.
(8) Larminie, J. a. D., A. Fuel Cell Systems Explained', John Wiley & Sons, LTD: 
Chichester, 2000.
(9) Deluga, G. A.; Salge, J. R.; Schmidt, L. D.; Verykios, X. E. Science 2004, 303, 
993-997.
(10) Hamnett, A. Comprehensive Chemical Kinetics 1999, 635-682.
(11) Rice, C.; Tong, Y.; Oldfield, E.; Wieckowski, A.; Hahn, F.; Gloaguen, P.; Leger, 
J.-M.; Lamy, C. Journal o f Physical Chemistry B 2000,104, 5803-5807.
Reproduced with permission of the copyright owner. Further reproduction profiibited witfiout permission.
(12) Waszczuk, P.; Lu, G. Q.; Wieckowski, A.; Lu, C.; Rice, C.; Masel, R. I. 
Electrochimica Acta 2002, 47, 3637-3652.
(13) Gasteiger, H. A.; Markovic, N.; Ross, P. N., Jr.; Caims, E. J. Electrochimica Acta 
1994, 39, 1825-1832.
(14) Jusys, Z.; Kaiser, J.; Behm, R. J. Electrochimica Acta 2§§2, 47, 3693-3706.
(15) Lu, G.-Q.; Crown, A.; Wieckowski, A. Journal o f Physical Chemistry B 1999, 
103, 9700-9711.
(16) Waszczuk, P.; Barnard, T. M.; Rice, C.; Masel, R. I.; Wieckowski, A. 
Electrochemistry Communications 2002, 4, 732.
(17) Waszczuk, P.; Wieckowski, A.; Zelenay, P.; Gottesfeld, S.; Coutanceau, €.;
Leger, J. M.; Lamy, C. Journal o f Electroanalytical Chemistry 2001, 511, 55-64.
(18) Woods, R. Journal o f Electroanalytical Chemistry and Interfacial 
Electrochemistry 1974, 49, 217-226.
(19) Claviiier, J.; Durand, R.; Guinet, G.; Faure, R. Journal o f Electroanalytical 
Chemistry 1980,107, 205-209.
(20) Claviiier, J. Journal o f Electroanalytical Chemistry 1980,107, 205-209.
(21) Debecdelievre, A. M.; Debecdelievre, J.; Claviiier, J. Journal o f Electroanalytical 
Chemistry 1990, 294, 97-110.
(22) Wieckowski, A. Modern Aspects o f Electrochemistry 1990, 21 ,65-119.
(23) Weaver, M. J.; Zou, S. Advances in Spectroscopy (Chichester, United Kingdom) 
1998,26 ,219-272.
(24) Park, S.; Wieckowski, A.; Weaver, M. J. Journal o f the American Chemical 
Society 2003,125,2282-2290.
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A Compilation of P and a  Radionuclides Useful in Studies by Radioactive Labeling
Nuclide Half"iife Decay mode(s), energies (MeV)
'H 12.26 y P" 0.0186
5720 y P” 0.155
2.58 y P^ 5.44; EC; y 1.274
33p 25 d P' 0.24
87 d P“ 0.167
^^Cl Sxl O^y p- 0.714 (EC, B^)
^^ 'Ca 165 d P’ 0.255
3.5 m P' 2.85
^^Ni 92 y P' 0.067
**^ Br 35.3 h P“ 0.44; y 0.25-1.48
1 X lOV P" 0.063, 0.034
i«¥d 7 x l 0 V P' 0.035
‘"'In 5 X 10’  ^y P" 0.48
~ 5 5 y P“ 0.36
129j 1.6x lO’ y P' 0.15; e '(y ) 0.038
2.0x lO V P' 0.21
~ 5 x  10‘^y a  1.5
2.4x 10*^y a  1.83
2 x l 0 V a  2.73
14.6 d P" 0.14
204t | 3.8 y P" 0.76; EC
8 X 10’ y a  (SF)
252cf 2.55 y a  6.11,6.07
a  0.042, 0.10 (SF)
Table 1.1: Table listing appropriate radionuclides for radioactive labeling combined with 
electrochemistry.^^
11
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Detection limit for bulk concentration 
(M) o f ;
Method 10"'* 10"^ i r ^
Thin-foil method
14c 0 J3 0.09 0.93
(tritium) <0.01 <0.01 0.015
Electrode lowering method
14c <0.01 0.01 0.11
Table 1.2: Detection limits of the thin-foil and electrode lowering methods given as 
packing densities (number of adsorbed species per surface atom.) These figures for
smooth (R ~ 1) electrodes.^^
12
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Figure 1.1: Cyclic voltammogram of Pt nanoparticies showing the 
characteristic shape of the polycrystalline Pt. Area denoted by 
slashed lines indicates the underpotential adsorption and desorption 
of hydrogen, crosshatched area indicates the CO stripping peak. 
Scan rate 5 mV s’*.
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ngure 1.2: Diagram and pictures of the radiochemistry / electrochemistry cell. Cell is a 
three-electrode cell with the working electrode covering the scintillation disc, the counter 
electrode of platinum wire, and a reference electrode sensing via Luggin capillary. The 
cell features inlet and outlet tubing to allow solution changeout and gas purging. 
Radiochemical part of cell features scintillation disc which is connected to a multi­
channel analyzer via a light pipe and photomultiplier / scintillator.
14
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Infrared Reflection-Absorption Spectroscopy (lR i\S)
Ifcctrsfe 
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IR  Seiirce
D etector
Figure 1.3: Schematic showing the mirror setup reflecting the interface 
between the IR source, the electrochemical cell, and the detector.
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Chapter 2 
Working electrode preparation
2.1 Working electrode support materials*
Abstract
The study of electrochemical interfaces in an electrolytic environment entails 
strict control over the materials used. Detailed imderstanding of the interaction between 
the material to be studied and any support materials, and any interactions between the 
environment and the support materials is required before substantial conclusions can be 
drawn. Two materials, Toray carbon paper and spectroscopic grade graphite rods, have 
been proposed as possible substitutions for glassy carbon and gold support electrodes in 
electrochemical experiments. The Toray carbon paper proved to pose substantial 
problems in the electrochemical experimental environment, whereas the spectroscopic 
grade graphite proved to be an acceptable substitute.
Introduction
In electrochemical experiments, the material to be studied is prepared as a 
working electrode. In the standard three-electrode cell, this is opposed by a counter 
electrode, and the potential in the cell is referenced to a third, reference electrode, often 
removed from the immediate confines of the cell via a Luggin capillary*. The 
preparation of the working electrode is critical to obtain valid results, and consists of not 
only preparing the material to be studied, but also selecting an appropriate support (in the
* The results presented here have not been submitted for publication. It is the result of research that I 
performed in consultation with Dr. Piotr Waszczuk, under the guidance of Professor Andrzej Wieckowski.
16
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case of materials such as nanoparticies) and the means of attaching the material to be 
studied to this support.
The first problem encountered is the nature of the support for the working 
electrode. Common materials used as electrode supports for platinum-based 
nanoparticies are gold and glassy carbon. These materials are chosen due to the broad 
potential regions where the support materials are essentially inert to the reactions of 
interest, but the platinum is not (Figure 2.1). In the Wieckowski group, polycrystalline 
gold is the commonly used support for nanoparticle studies. Possible alternatives to these 
electrode supports are Toray carbon paper and spectroscopic grade graphite.
Toray carbon paper is a gas permeable, conducting electrode support which is 
used as the anode and cathode catalyst support in most hydrogen and direct methanol fuel 
cells.^'”^ Since it is advantageous to simulate the conditions that the nanoparticies would 
experience in the fuel cell, using Toray carbon paper as the electrode support in an 
electrochemical cell is preferable. Additionally, the use of Nafion as an adhesive for 
carbon-supported nanoparticies is necessary to adhere them to both glassy carbon and
o O
gold electrode supports. ’ However, Toray carbon paper poses a problem when used as 
a support due to the difficulty of connecting the electrical lead to the platinum mesh in 
order to get an electrical signal. One solution to this problem was to create a device 
which would allow an electrical lead to be attached with sufficient contact between the 
electrical lead and carbon paper mesh to allow meaningful measurements, but also to 
allow the material to be exposed to the electrolyte. To this end, an electrode holder was 
crafted out of Teflon with a gold foil and wire as contact, with the working electrode and 
the holder together known as the Teflon electrode assembly (TEA) (See Figure 2.2).
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Another possible substitute for glassy carbon or gold is spectroscopic grade 
graphite rod. This type of electrode would be superior to glassy carbon in its low cost, 
ease of manufacture, and ability to obtain a fresh surface by simply breaking off a piece 
of graphite and polishing the end. It was expected that, like glassy carbon, platinum 
black nanoparticles could be physisorbed to the surface by simple deposition of a 
nanoparticle ink and application of heat from a heat lamp to dry the surface. These 
electrodes would be an acceptable substitute to glassy carbon if the results obtained were 
comparable.
Experimental
Using the TEA, commercial grade nanoparticles where deposited on Toray carbon 
paper. The deposition techniques were varied to determine which method was most 
efficacious in adsorbing the nanoparticles to the Toray carbon paper. In method I, 100 
[iT. of 4 mg mL'* nanoparticle suspensions in Millipore water (known as ink) were simply 
pipetted onto the paper and allowed to dry under heat. In method II, the ink was pipetted 
onto the as-received Toray paper and allowed to air dry. In method III, the carbon paper 
was pretreated by boiling in Millipore water for ~ 30 minutes, and stored in water. To 
this, an aliquot of the ink was applied, and drying was accelerated by passing air over the 
face of the TEA. The electrodes were then inserted into a three-electrode cell and cyclic 
voltammetry was performed.
For the spectroscopic grade graphite rods, the graphite was cut using a rotary tool 
and cutting disc, a hole was drilled through one end, and a platinum wire was attached to 
act as an electrical lead (Figure 2.3). 50 pL of 4 mg ml'* nanoparticle ink was then 
pipetted onto the cut end of the electrode and dried under heat lamp for 15 minutes. The
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electrode was inserted into a three electrode electrochemical cell and cyclic voltammetry 
was performed. The procedure was repeated using a gold support. The resulting cyclic 
voltammograms were compared.
Results and discussion
Visual inspection of the electrodes after preparation and after immersion into the 
cell was performed to determine which technique was most successful. The heat drying 
method resulted in distortion of the holder, most likely due to the low glass transition 
temperature of the Teflon, which caused the Teflon to flow and the holder to warp. This 
method was rejected because it limited the useful lifetime of the holder. Method II was 
rejected due to the physical loss of the nanoparticles from the electrode surface when 
inserted into the cell. The final method was the most successful, with no damage to the 
TEA and no loss of nanoparticles when inserted into the cell.
Method III was evaluated to compare the results obtained from the use of Toray 
paper / TEA as an electrode support to working electrodes prepared using a nanoparticle/ 
Nafion suspension immobilized on glassy carbon electrodes. The specific surface area 
obtained from each electrode support with various nanoparticle samples was compared. 
Specific surface areas of the nanoparticle catalysts obtained using method III were 
consistently lower than the acceptable literature values. The specific surface area 
determined for these electrodes was lower than that generally accepted for similar 
depositions onto glassy carbon electrodes (Table 2.1)}^
The results for the spectroscopic grade graphite electrode were evaluated similarly 
to the Toray carbon paper electrode. The electrode was visually examined upon insertion 
into the cell. No platinum black was lost from either the graphite or the gold electrode.
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The resulting cyclic voitammograms were identical (Figure 2.4). However, when the 
same procedure was applied to adsorbing carbon-supported nanoparticies, the materia! 
flaked off upon insertion into the cell. This result echoes the standard results obtained 
from both gold and glassy carbon supports, indicating the need for a binding material to 
adhere carbon-supported nanoparticies to a support.
Conclusions
Despite the visual evidence indicating nanoparticies did not desorb from the 
Toray paper electrode, the use of these Toray carbon paper was not a successful 
substitute for other, accepted electrode supports. Experiments on these electrodes 
revealed that the carbon paper electrode had a detrimental effect on specific surface area. 
This was most likely due to particles embedded within the mesh being inaccessible to the 
electrolyte. In contrast to the results for the Toray carbon paper electrode, the graphite 
electrode performed adequately under electrochemical experiment conditions. The 
identical cyclic voltammetry results indicate that graphite may be an inexpensive 
substitute for the Au electrode.
2.2 Effects of Nafion as a binding agent for unsupported nanoparticle catalysts^ 
Abstract
We studied the effect of Nafion on the formic acid oxidation reactivity of three 
unsupported nanoparticle catalysts: Pt black, Pt/Ru black, and Ft/Pd. The catalysts were 
prepared by physisorption deposition of the nanoparticies on Au both with and without
 ^The following was originally published in Journal of Power Sources, Volume 115, pp35-39. I was the 
primary author with Erik Garnett, Cynthia Rice, Richard I. Masel, and Andrzej Wieckowski as co-authors.
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Nafion as an adhesive. The results indicate that Nafion lowers both the apparent surface 
area and the formic acid oxidation ciurent by blocking surface sites. Surface areas 
obtained with Nafion binding agent were suppressed by 13, 8 , and 22%, while formic 
acid oxidation currents were attenuated by 40, 13 and 27 % for Pt Black, Pt/Ru black and 
Pt/Pd, respectively. When comparing the effects of the Nafion on the surface areas, and 
comparing these results to the respective voltammograms, the Nafion displays some 
selective site blocking effects as well.
Introduction
The study of fiiel cell catalysts has been an integral part of electrochemical 
research in recent years. Much of the focus has centered on nanoparticle catalysts,
19 17which generate high net current due to large active surface. ' However, scientists and 
engineers have encountered a problem with studying and using these catalysts, namely 
applying the catalysts in such a manner that they form a stable, reproducible fuel cell 
catalyst. This problem has been solved in most facilities by using a polymer to bind the 
nanoparticies to a proton-conducting support to create a Membrane Electrode Assembly 
(MEA). Nafion usually serves as such proton-conducting support and an electrolyte 
between the anode and cathode, and is readily available as a solution; it has also become 
the adhesive agent of choice for MBAs prepared from nanoparticle catalysts. A disk 
shaped electrode made of a noble metal may also serve as a Nafion-coated support in the 
laboratory practice, as reported below. Nafion has been incorporated into the catalyst in 
three distinct ways: (1 ) deposition on top of the nanoparticies,*®'^® (2 ) deposition both 
above and below the nanoparticies (including sputtering the nanoparticies into a 
membrane),*®’ and (3) mixture into the nanoparticle ink,®’ *®’ with the last
21
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method being generally preferred. The electrochemical effects of Nafion, predominantly 
noted as improving proton conduction or as impairing mass transfer to the electrode, have 
been studied in various formats, but have not been thoroughly established for 
nanoparticle catalysts. ' In our group, we use a physisorption deposition method 
whereby we can adhere unsupported nanoparticies to a Au disc electrode, without the use 
of a binding agent.*® This allows us to unequivocally determine the effect of Nafion on 
electrochemical properties of fiiel cell catalysts. We studied the effects of Nafion as a 
binding agent for methods (1) and (3) described above, and compared the results to the 
unmodified catalysts.
Formic acid is used as a probe of the activity of the three catalysts studied in this 
paper due to its high activity for each catalyst. Formic acid is also of interest as an 
alternative fuel in micro fuel cells. The Direct Formic Acid Fuel Cell (DFAFC), although 
not currently envisioned as a universal replacement to the Direct Methanol Fuel Cell 
(DMFC), holds a promise of high performance in diverse applications.
Experimental
Experiments were carried out in a standard three-electrode electrochemical cell. 
The counter electrode was a platinized Ft mesh. The reference electrode was 
Ag/AgCl/3M NaCl, but all potentials are reported versus the Reversible Hydrogen 
Electrode (RHE). Electrolyte was 0.1 M H2 SO4 prepared using concentrated sulfuric acid 
(double-distilled from Vycor, GFS) and Millipore deionized water (Milli-Q, 18.2 
MO/cm2). 0.1 M formic acid (double-distilled, 8 8 %, GFS) in 0.1 M H 2 S O 4  was the 
solution from which formic acid oxidation occurred. Ft black and Pt/Ru black were 
obtained from Johnson Matthey. The Ft/Pd catalyst was produced as described
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previously/^ Experiments were performed using either a Solartron SI 1287 potentiostat 
or Par 283 potentiostat, under control of CorrWare software.
Results and discussion
Procedure for Phase 1: Nafion deposition on top o f the nanoparticies
The surface area for Pt/Ru black catalyst was determined by integrating the CO- 
stripping peak. Namely, the catalyst surface was first characterized via two cyclic 
voltammograms (CV) to document a clean and stable surface. Next, ultrapure CO was 
bubbled through the cell at 0.05 Vrhe for 40 minutes. The cell was purged with Ar for 20 
minutes to remove any CO from solution and the adsorbed CO was stripped from the 
catalyst surface by cyclic voltammetry (Figures 2.4 -  2.6). In the case of Pt black and 
Pt/Pd, surface area was determined by integrating the hydrogen adsorption and desorption 
peaks from the characterization CV. Specific surface areas were in excellent agreement 
with manufacturer’s reported data for the Pt black and Pt/Ru black, and with previously 
reported data for Pt/Pd.
Experiments were carried out in two phases. In phase I, the effect of Nafion 
applied using method (1) was studied (see Introduction). Nanoparticle catalysts were 
deposited onto a polished Au disc electrode. Once the real surface area had been 
determined as described above, the electrode was carefully removed from the cell and the 
surface dried under a heat lamp. Approximately 10 pL of Nafion was applied to the 
surface and the electrode was again dried under a heat lamp. The experiment was 
repeated in the same manner to determine the effect of Nafion.
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Procedure for Phase II: Nafion mixed into the nanoparticle ink
In phase II, the effect of Nafion applied using method (3) described in the 
introduction was studied. For each catalyst, nanoparticies were diluted in Millipore water 
to a concentration of 4 mg/mL. The particle suspension was split in half and Nafion was 
added to one half to yield a final concentration of 4 mg/mL catalyst with 10 % Nafion by 
mass.
The catalysts were sonicated for 15 minutes and deposited on the Au disc. Nafion 
containing samples were sonicated in an ice-water bath. The electrodes were dried under 
a heat lamp, and inserted in the three-electrode cell. Catalyst surface area was 
determined as in phase I, then the activity was tested via chronoamperometry for 2 hours.
Surface area effects
In the phase I of the experiment, the Nafion adhesive was applied to a previously 
characterized electrode. This allowed the real surface area of the nanoparticle electrode 
to be determined. The cyclic voltammograms were then plotted concurrently, and 
normalized to the true surface area (Figure 2.5). Figure 2.5 clearly demonstrates that 
Nafion applied as a relatively thick film covering the membrane alters the shape and peak 
position of the CV. The changes indicate that Nafion application resulted in an average 
surface area decrease of 22, 15, and 19 % for Pt black, Pt/Ru black and Ft/Pd, 
respectively. This current attenuation appeared in the hydrogen adsorption/desorption 
region for all CVs, and also in the CO oxidation region on the CO-stripping CV. This 
technique yielded high scatter and required many repetitions to establish acceptable 
reproducibility. This can be accounted for by the difficulty in controlling the thickness of 
the Nafion layer on top of the catalyst.
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In the second phase of the experiment, the Nafion effect was analyzed by 
comparing electrodes made from pure catalyst ink versus those made from ink that also 
contained 10% Nafion in suspension. As seen in Figure 2.5, the shape of the curves 
remained essentially unchanged, with the major difference being an overall peak current 
reduction. The Pt/Pd CV, however, showed a preferential hydrogen adsorption 
deactivation, with the peak located around 0.25 Vrhe being affected more than the peak 
located at 0.13 Vrhe- This phenomenon also appears in CV concerning the Pt 
black/Nafion formulation. In contrast, this peak does not appear at all on CV for Pt/Ru. 
Since the Pt/Ru surface is also the least affected by Nafion, this may indicate that the 
Nafion has the greatest effect on the feature of the catalyst that leads to the hydrogen 
adsorption/desorption at this potential. This selective site blocking has not been 
previously reported.
Nafion application using method (3) resulted in an average surface area decrease 
of 13, 8 , and 22 % for Pt black, Pt/Ru black and Pt/Pd, respectively. These results 
showed much greater reproducibility, suggesting that mixing Nafion into the ink helps 
form a polymer layer of consistent thickness surrounding the catalyst.
It is important to note that the effect of Nafion can easily be overlooked because 
the lower Nafion-covered surface area corresponds closely to the lower current. When 
the CV for catalyst/Nafion is normalized to its own hydrogen charge (as is typically the 
case) the CV will overlap exactly with the non-Nafion CV (however, except for Pt/Pd, 
Figure 2.6b). This suggests that Nafion simply blocks a percentage of surface sites, 
yielding a lower surface area electrode. In the case of Pt/Pd, Nafion may preferentially 
deactivate Pd sites, thereby changing not only the overall current, but also the shape of
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the curve. The comparison between the Pt/Pd/Nafion catalyst and a Pt/Pd catalyst with 
the lower Pd loading prepared by our group shows a striking similarity in the shape of all 
the peaks (Figure 2.7).
Activity effects
Chronoamperometry was employed to determine whether the surface sites 
deactivated towards hydrogen adsorption would also be inert to formic acid oxidation. 
Formic acid was used as the molecule to be oxidized due to its high activity for the three 
catalysts chosen in this study. The potential was maintained at 0.4 V r h e ,  and formic acid 
concentration was set at 0.1 M.
We found that the Nafion effect on the catalytic oxidation varied. A typical figure 
to illustrate our procedure is Figure 2.8, which shows the current density -time curves for 
the Pt/Ru black catalyst, with and without Nafion as a binder in the ink. (Data for 
oxidation of formic acid for Pt black and Pt/Pd were presented elsewhere.)^’ The current 
density is referring to the real surface area. With the Nafion in the ink as a binder, the 
difference in the current density for HCOOH oxidation is reflected in a loss of between 1 
and 2 fiA cm'^ for the three catalysts. Due to the lower relative activity that Pt black 
exhibits towards the organic molecules, this results in a larger percentage decrease for Pt 
black than for the Pt/Ru and Pt/Pd catalysts (Table 2,2). For Pt/Ru and Pt/Pd, the 
oxidation currents after 2  hours at 0.4 V r h e  were diminished by only a few more 
percentages than the area reduction, 13% (vs. 8 %) and 27% (vs. 22%), respectively. 
However, for Ft black the oxidation current was reduced by approximately 40% with the 
addition of Nafion, while the active surface area was only reduced -13%. A similar 
result was reported for bulk Pt electrodes with methanol as the fuel. Gojkovic et al.
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interpreted the discrepancy between the percentage decrease in surface area (i.e. surface 
sites deactivated toward hydrogen adsorption) and the decrease in methanol oxidation 
current as due to methanol oxidation requiring three Pt sites per methanol molecule in the 
initial oxidation step. This effect was not noted for Pt/Ru black and Pt/Pd, suggesting 
different oxidation mechanisms for the modified catalysts.
Conclusions
Nafion, whether applied on top of a catalyst or mixed into solution with the 
catalyst, reduces the active catalyst surface area. For Pt/Ru black and Pt/Pd 
nanoparticies, the drop in the oxidation efficiency mirrors approximately the reduction in 
the active surface area, but for the Ft black, the oxidation efficiency is lowered nearly 
three times as much as the active surface area. Depositing Nafion on top of the catalyst 
not only reduces the number of active surface sites, but also obscures the hydrogen peak 
shapes. For the three catalysts studied, only the Pt/Pd showed a change in the shape of 
the CV when Nafion was mixed in with the catalyst ink. These results agree with those 
by Wilson and Gottesfeld,^ suggesting that when Nafion is used in electrochemical 
experiments to help maintain a stable catalyst layer, the Nafion should be mixed in with 
the catalyst ink, rather than deposited on top. However, surface areas and specific 
surface areas obtained from hydrogen peak integration will be underdetermined in these 
cases.
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Pt black Pt/Ru Pt/Pd
Surface Area, Nafion atop 2 2 % 15% 19%
Surface Area, 
Nafion mix in ink
13% 8 % 2 2 %
Oxidation Current, 
Nafion in ink
40% 13% 27%
Nanoparticle sample
Specific surface area (m g")
Toray paper w/ TEA Literature value
Ft black - 2 0 28
40 % Ft on Vulcan -3 5 75
20 % Ft on Vulcan -5 5 79
10 % Pt on Vulcan -7 5 115
Table 2.2: Relative decrease in surface area o f  the nanoparticle catalysts and in formic 
acid oxidation current (in %) due to the application o f Nafion (see text). The oxidation 
current was measured at 0.4 V rhe after 2 hr.
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Figure 2.1: Cyclic voltammograms of Au crystal and 40 |ig of Pt black on the 
crystal. In the region of interest ( 0  V r h e  to 1 . 0  V r h e ) ,  Pt is clearly discriminable
from Au. Scan rate 50 mV s’\
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Figure 2.2: Picture of the Teflon electode assembly showing the gold 
lead and Teflon-clamp.
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Figure 2.3: Picture of the graphite electrode
33
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
P t b la c k  o n  g r a p h ite
I
1
P t b la c k  o n  p o ly c r y s ta i l in e  A u
0.0 0.2 0.4 0.6
E I V ¥ S .  RHE
0.8 1.0
Figure 2.4; Cyclic voltammogram of Pt black supported on the graphite 
electrode (top) and polycrystailine gold (bottom). Good definition of peaks 
and proper current response are noted in both graphs. Scan rate 5 mV s-1.
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Figure 2.5: Cyclic voltammograms of the three nanopaiticle catalysts both with (dotted 
line) and without (solid line) Nafion as a binder deposited atop the nanoparticies. 
a. Johnson Matthey Pt black nanoparticies; b. Pd spontaneously deposited on Pt black 
(JM); c. Johnson Matthey Pt/Ru black alloy. Scan rates were 5 mV s'*. Loading was 0.5
mg cm'^ in each case.
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Figure 2.6: Cyclic voltammograms of the three nanoparticle catalysts both with (dotted 
line) and without (solid line) Nafion as a binder mixed within the nanoparticle ink. a. 
Johnson Mathey Pt black nanoparticies; b. Pd spontaneously deposited on Pt black (JM);
c. Johnson Mathey Ft/Ru black alloy. Scan rates were 5 mVs"'. Loading was 0.5 mg 
cm'^ in each case.
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EA/ vs RHE
Figure 2.7: Comparison of a. Pt/Pd with a iower catalyst loading and b. Pt/Pd with 10% 
Nafion in the ink. Suppression of the H2 adsorption peak located at -0.25 Vrhe, relative 
to the peak at -0.13 V r h e  diminishes some of the Pd character of the CV. Scan rate was
1 95 mV s' and catalyst loading was 0.5 mg cm' , in both instances.
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Figure 2.8: Current vs. Time curves for the oxidation of formic acid by Pt/Ru black 
catalyst, with (dashed) and without (solid) Nafion as a binder. Formic acid concentration 
was 0.1 M . Potential was 0.4 V r h e -
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Chapter 3
Analysis of spontaneonsly deposited Pt/Pd catalyst
3.1 Optimized palladium-modified platinum electrocatalyst*
Abstract
Nanoparticle catalysts are emerging as the choice for fuel cel! electrocataiysts in 
current research, with paiiadium-modified platinum proposed as an alternative to 
ruthenium-modified platinum. The spontaneous deposition method is extended to 
unsupported Pt and carbon-supported Pt nanoparticies to obtain Pt/Pd catalysts with Pd 
packing density up to 0 = 0.79 for unsupported Pt and 0 = 2.9 for carbon-supported Pt. 
The modification of nanoparticle platinum catalysts is demonstrated via cyclic 
voltammetry, with results from varying deposition amounts shown. Additionally, the 
unsupported Ft/Pd catalyst is compared to the carbon-supported Ft/Pd catalyst.
Introduction
The use of unmodified Pt black nanoparticies as a fuel cell electrocatalyst has 
significant problems, making its use impractical. In both the HFC and DMFC, the Pt 
electrocatalyst is subject to poisoning by CO, decreasing its efficiency, and making it 
ineffective as an electrocatalyst.* The CO poison comes from different sources. In the 
HFC, it is a contaminant byproduct of the reforming of fossil fuels (the primary source 
for in a practicable fuel cell).^"  ^ In the DMFC and DFAFC, it is a byproduct of the 
oxidation of methanol or formic acid.^ '***
* The results presented here have not been submitted for publication. This work was part of the DARPA
Formic Acid Fuel Cell project, and reflects research that I performed in conjunction with Hee Soo Kim and 
Dr. Seung Taek Kuk under the guidance of Professor Andrzej Wieckowski
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In order to overcome this lower activity of Pt, most research has been directed to
11 17either a binary or a ternary electrocatalyst, with Pt as a prime constituent. ' Pt 
modified by Ru is currently the best electrocataiyst in use in fuel cells today.**’ Our 
group has prepared Pt/Ru electrocataiysts via the spontaneous deposition method, which 
was superior in performance to the optimal Johnson Matthey Pt/Ru 50:50 alloy. ’ ’ 
This electrocataiyst had a Ru packing density of 0 = 0.4, and was superior to unmodified 
Pt black due to its greater CO tolerance, as seen by the lower potential at which CO is 
oxidized to CO2 . A bifunctional mechanism has been postulated as an explanation for 
this improved CO tolerance. In this bifunctional mechanism, water is activated on the Ru 
sites, while CO poisons the Pt sites. The oxygen atom from the activated water on the Ru 
site is then donated to the CO on the adjacent Pt site, oxidizing it to CO2 .
Due to the superior performance of Pt/Ru, other metals, especially in the Pt group, 
are being used to modify Pt electrodes in the search for even higher activity. Of these, 
Pd, being directly above Pt on the periodic table, seems to be an excellent choice. In fact, 
it has been proposed as an anode electrocataiyst in alkaline fuel cells, such as the 
hydrazine fuel cell.^^ This has been extended to the oxidation of formic acid in a 
DFAFC.®’ Formic acid has several advantages over methanol since it has higher 
oxidation efficiency, reduced crossover problem and higher theoretical EMF. In addition, 
it is a strong electrolyte itself, offering great advantage in water management of compact, 
portable fuel cells.
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Experimental
Sample Preparation
The spontaneous deposition of palladium on platinum was based on the previous 
method for ruthenium deposition. ’ Pt/Pd nanoparticle catalysts were prepared by 
using commercial fuel cel! grade Pt black (Johnson-Matthey, average diameter 6  nm (as 
determined by TEM) or carbon-supported Pt (Alfa-Aesar, 20% loading, average diameter 
2.5 run) as the substrate for spontaneous deposition of palladium. Approximately 500 mg 
of platinum nanoparticies were massed and sedimented onto a platinum boat electrode 
and inserted into the deposition cell with 0.1 M HCIO4 electrolyte. Any surface oxides 
were reduced by holding the nanoparticies at ~ 0.45 V r h e  for two hours, and then cycling 
between 0.01 V r h e  and 0.4 V r h e  at 20 mV min'^ for 45 minutes. The boat was then 
transferred to a beaker under 0.1 M HCIO4 , which was exchanged with a solution of 1 
mM PdCl2 in 0.1 M HCIO4 . The particles were allowed to sit in the palladium chloride 
solution for 30 minutes, and then were washed with electrolyte. The boat and particles 
were then transferred back to the deposition cell (Figure 3.1) and the procedure was 
repeated for the desired number of depositions. After the final desired deposition, the 
particles were reintroduced to the cell and reduced for 1 hour at 0.45 V r h e ?  then washed 
with Millipore water, dried under heat lamp, and then diluted with Millipore water to the 
desired concentration. Samples prepared from spontaneous deposition on Pt black and on 
Ft/C will be denoted as Pt/Pd and Pt/Pd/C, respectively. PtPd alloy nanoparticies 
(PtPd/C) were obtained from E-Tek.
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Electrochemistry
Following deposition, cyclic voltammetry was used to characterize the particles. 
Potentiostats used were a PAR273, PAR 283, or Solartron SI1287 
Potentiostat/Galvanostat controlled by CorrWare software. A conventional three- 
electrode electrochemical cell was used with high surface area Ft gauze as the counter 
electrode and the 3 M Ag/AgCl as a reference (all potentials in this paper are however 
quoted vs. the RHE electrode). The working electrode was made of the catalyst 
immobilized on the surface of an Au disk (10 mm diameter). The catalysts were 
suspended in Millipore water to make 4 mg/mL suspension with 10% (by noble metal 
mass) Nafion (Aldrich chemical co.). Then a known amount of the suspension (typically 
100 pi at 4 mg/ml of the catalyst) was placed on the Au disk, and the suspension was 
dried to yield a uniform thin layer of the catalyst. Due to the large difference in the 
roughness factor, the contribution of Au to the current measured was negligible. All 
measurements were carried out at room temperature.
Results and discussion
Cyclic voltammograms of the catalysts used in this study are shown in Figures
3.2 and 3.3. In Figure 3.2, the cyclic voltammograms depict the modification of the 
unsupported Ft nanoparticies by Pd depositions. The deposition process was repeated to 
get a desired range of Pd packing density. (The packing density of Pd is defined as a 
ratio between the number of Pd atoms and the surface Ft atoms, and is calculated from 
inductively coupled plasma analysis.)^® As a result of the deposition, the initially well- 
defined hydrogen adsorption/desorption peaks on Pt become suppressed and a broad peak 
appears at 0.25 V r h e -  Another salient change is the facilitation of oxide formation, which
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starts earlier by ~40 mV. Also, the double layer current is reduced by Pd deposition (in 
contrast to the case of Ru deposition)?® Increasing the amount of Pd does not produce 
significant changes except for some further suppression of the hydrogen peaks.
The effect of Pd deposition on the carbon-supported Pt nanoparticles is depicted 
in Figure 3.3. The as-received carbon-supported particles show less prominent hydrogen 
adsorption/desorption peaks and a broad double layer charging current, which is typical 
of carbon-supported nanoparticles. Similar changes as in the case of unsupported 
nanoparticies are observed, including hydrogen peak modification and facilitation of 
oxide formation. The cyclic voltammograms of Pd-modified Pt/C nanoparticles resemble 
that of FtPd alloy nanoparticles, also shown in Figure 3.3.
The CO tolerance of the various catalysts is illustrated in the CO stripping curves 
in Figures 3.4 and 3.5. CO is adsorbed by bubbling ultra-high purity CO gas through 
solution at a constant potential of 0.05 V rhe- After 20 min of adsorption for Pt/Pd and 
40 min for Pt/Pd/C and PtPd/C, the CO gas in the electrolyte is removed by bubbling 
oxygen-free argon through the solution for 20 min, or longer, at the same potential. The 
surface area of the catalyst used in each experiment is calculated from the CO stripping 
charge. The surface area per mass of platinum is in good agreement with the known 
value for the as-received unsupported platinum nanoparticles, i.e., deposition of Pd does 
not have significant effect on specific surface area of the nanoparticles. Pd packing 
density seems to reach its maximum value at 0 = 0.8, and does not increase appreciably 
with further deposition process. On the other hand, the specific surface area of Pt/Pd/C 
increases by up to 16% per each deposition for several depositions indicating that Pd 
deposition may occur on carbon support. The highest value of the Pd packing density
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observed in our study was 0 = 5.0. However, no distinct Pd feature including 
characteristic Pd hydrogen absorption peaks or separate CO stripping peak was observed 
in any of the cyclic voltammograms. Due to the lack of any significant effect 
demonstrated by the deposition of Pd on the nanoparticles on the cyclic voltammograms, 
we conclude that any independent Pd crystallites in the sample are of negligible size.
It was previously noted that the Pt/Pd nanoparticle catalyst has higher reactivity 
toward formic acid oxidation than that of a Pt black nanoparticle catalyst in spite of its 
lower CO tolerance.® In contrast, the improved reactivity of Pt/Ru is attributed to its 
higher CO tolerance.*®’ *®’ This difference between Pt/Pd and Pt/Ru behaviors was 
explained by evoking a concept of a dual path mechanism that prevails for oxidation of 
formic acid even at low potentials, in contrast to methanol.^® A similar trend can be 
found in Figure 3.4, where the CO stripping peak shifts from 0.67 Vrhe for pure Pt to 
0.76 V r h e  for Pt/Pd with the highest packing density. The chronoamperometric reactivity 
of these catalysts towards formic acid oxidation is compared in Figure 3.6. The reactivity 
test for formic acid oxidation was carried out at 0.3 and 0.4 Vrhe in O.IM HCOOH + 0.1 
M H2SO4, with the stabilized current density value after 3 hours of oxidation taken to 
represent the reactivity of the catalyst. The reactivity continues to increase up to a 
packing density of 0 == 0.79 in contrast to the shift in CO stripping peak in the positive 
direction, that is, with the decrease in CO tolerance.® For spontaneously deposited Pt/Ru, 
the optimal ruthenium packing density was between 0 = 0.4 -  0.5.^°
Notably, the highest value of the CO stripping peak potential for Pt/Pd/C is 
0.88 Vrhe (Figure 3.5). This value is quite similar to that of pure Pd, which has a higher 
binding energy of CO than pure platinum.^^ The CO stripping peak potential reaches its
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highest value at the palladium packing density of 0 = 1.39, and then begins to decrease. 
The inverse correlation with reactivity (vide supra) is still valid, i.e., the oxidation current 
density (as shown in Figure 3.7) reaches its maximum value at packing density of 0 ~ 1.5 
then starts to drop slowly.
Complete current-time profiles for formic acid oxidation for several electrodes are 
shown in Figures 3.6 and 3.7. Each working electrode was first stepped to the desired 
oxidation potential and formic acid was injected into the solution to make a final 
concentration of 0.1 M. The initially high oxidation current declines rapidly due to the 
catalyst poisoning. After the oxidation currents become stable (~ 3 hours), the overall 
reactivities of the catalysts were compared. Comparisons reveal that current density for 
PtPd/C is greatest, with the overall trend being PtPd/C > Pt/Pd > Pt/Pd/C > Pt/C > Pt 
black.
Figure 3.8 compares the reactivity of various catalysts for formic acid oxidation at 
0.3 V r h e  and 0.4 Vrhe, respectively. On the nanoparticle electrodes studied in this 
report, deposition of Pd increases the reactivity by a factor of 3.0 for Pt black and 1.8 for 
Pt/C nanoparticle catalysts. Pt/Pd/C has an optimum packing density at ~ 9 = 1.5 for 
both 0.3 Vrhe and 0.4 Vrhe- The optimum reactivity obtained with Pt/Pd/C is 
comparable to or slightly less than the maximum reactivity of PtPd/C at 0.3 Vrhe- 
However, Pt/Pd/C shows much more enhanced reactivity at 0.4 V rhe and its maximum 
reactivity is comparable to that of commercial PtPd/C catalyst within the error range.
Conclusions
Spontaneous deposition of palladium on platinum nanoparticles can produce a 
highly reactive DFAFC catalyst. The maximum reactivity observed in this study
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approaches that of commercial Pt-Pd alloy catalyst at 0 = 0.79 Pd packing density. The 
highly dispersed, carbon-supported catalyst, Pt/Pd/C also shows increased reactivity with 
more Pd depositions. Pt/Pd and Pt/Pd/C catalysts demonstrated improved reactivity by a 
factor of 3.0 and 1.8 for formic acid oxidation, as compared to platiniun black and Pt/C 
nanoparticle catalysts. The optimized carbon-supported catalyst displayed lower 
reactivity compared to the unsupported platinum catalyst. Further, Pt/Pd and Pt/Pd/C 
nanoparticle catalysts show higher reactivity for formic acid oxidation than that of 
Platinum and Pt/C catalysts, despite their lower CO tolerance. The CO stripping peak for 
platinum catalyst was 0.67 V r h e  and the peak for Pt/Pd catalyst moved to 0.76 V r h e -  
The reactivity continued to increase up to packing density of 6 -  0.79, showing an 
inverse correlation to the CO tolerance. This inverse correlation is consistently observed 
in carbon-supported platinum. In the case of Pt/C catalyst, the CO stripping peak at 0.76 
V r h e  moves toward positive direction with palladium deposition and reaches its highest 
value at the packing density of 0 = 1.39, which is close to the optimum composition of 
the catalyst.
3.2 Electrochemical infrared characterization of Pt/Pd nanoparticles
Abstract
We studied the spontaneously deposited Pt/Pd nanoparticle (0 = 0.79) via 
electrochemistry and EC-IRAS. The nanoparticles were either dried from ink or
The results presented here have not been submitted for publication. It is the result of research that I 
performed with Dr. Lajos Gancs and Dr. Sungho Park, under the guidance of Professor Andrzej 
Wieckowski.
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chemisorbed via a self-assembled monolayer to gold electrodes. These were 
characterized using cyclic voltammetry, and surface area was determined via CO
stripping cyclic voltammetry. The electrodes were utilized by EC-IRAS. Results 
indicated the nanoparticles had high amounts of bridge-bonded CO and the atop-CO peak 
positions were red-shifted. The nanoparticies were verified to have paliadium on the 
surface, with smaller platinum domains than a similar sample of platinum black.
Introduction
In the characterization of a nanoparticle catalyst, various complementary 
techniques must be utilized to obtain the full picture. Our group has used electrochemical 
techniques alone and in conjunction with other surface-sensitive and bulk techniques, 
such as electrochemical nuclear magnetic resonance spectroscopy (EC-NMR), X-ray 
photoelectron spectroscopy (XPS), scanning tunneling microscopy (STM), Auger 
electron spectroscopy (AES), and radiolabeling, to try to understand the particles we 
modify.*®’ Other groups have used different surface sensitive techniques,
including X-ray absorption fine structure (XAFS),^^’ differential electrode mass 
spectrometry (DEMS), '^* X-ray diffraction (XRD),^ ®'^ ® and transmission electron 
microscopy. (TEM) ’ The technique used in this paper, electrochemical infrared 
reflection-absorption spectroscopy (EC-IRAS), was explored at the Weaver laboratory 
and extended there to nanoparticles.'* '^'*®
Experimental
Elecrochemistry
Electrochemical experiments were carried out in a standard three-electrode 
electrochemical cell. The counter electrode was a platinized Pt mesh. The reference
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electrode was Ag/AgCi/3M NaCl, but all potentials are reported versus the Reversible 
Hydrogen Electrode (RHE). The electrolyte was 0.1 M H 2 S O 4  prepared using 
concentrated sulfuric acid (double-distilled from Vycor, GFS) and Millipore deionized 
water (Milli-Q, 18.2 MO/cm ). Experiments were performed using a Solartron SI 1287 
potentiostat under control of CorrWare software.
Working electrodes were created by attaching Pt/Pd or Pt black nanoparticles to a 
polycrystalline gold disc. The discs were polished using increasingly fine grades of SiC 
paper/water, nylon polishing cloth with Metadi Supreme diamond suspension (Buehler, 3 
micron and 1 micron), and finally nylon polishing cloth with alumina micropolish 
(Buehler, 0.05 micron gamma alumina). Nanoparticles were either deposited onto the 
gold electrode from 0.5 mg mL‘* ink and dried under heat lamp or attached using a self­
assembled monolayer, described elsewhere.'*'* Surface area was determined by 
integration of the underpotential adsorption / desorption peaks for platinum, and by 
integration of the CO stripping peak for Pt/Pd. Pt black was obtained from Johnson 
Matthey. The Pt/Pd catalyst was produced as described previously.^
EC-IRAS
The electrochemical infrared reflectance-absorption spectroscopy setup is as 
shown in Figure 3.9. The cell is pictured in 3.10 and consists of a nanoparticle-gold 
working electrode (vide supra) on a plunger, a platinum wire counter electrode, a 
reference electrode via capillary, and an opening to allow a tube carrying UHP argon 
(S.J. Smith) to purge the solution. The reference electrode was Ag/AgCl, and potentials 
for the EC-IRAS data will be versus Ag/AgCl. Argon was also introduced inside the 
plunger / behind the working electrode to maintain an inert environment. CO was
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introduced to the solution by dosing with various amounts of CO-saturated electrolyte via 
a syringe through the gas opening. The spectrometer was a Mattson Research Series 
FTIR and was driven by WinFIRST software (ATI Mattson). The potentiostat 
controlling the cell for EC-IRAS was a CHI 660 potentiostat with manufacturer software.
Results and discussion
The deposition of the Pt/Pd nanoparticles onto the gold electrode produced a thin, 
gray film. Prior experience indicated that the deposition was successful (tight adherence) 
and had a very low loading. The cyclic voltammograms of the electrode (Figure 3.11) 
confirm the low loading by integration of the CO stripping peak and also due to the good 
definition at a relatively high scan rate.
The subtractively normalized spectra are shown in Figures 3.12 and 3.13. Figure 
3.12 is from a CO-saturated solution, and indicates the change in CO coverage with 
potential. From previous experiments with decorated platinum nanoparticies,'^^’ the 
peak at 2043 cm'* is related to the atop-CO adsorption configuration, while the broad 
peak around 1865 cm'* corresponds to bridge-bonded CO.'*'* “Atop” refers to CO atoms 
which are bonded to a single platinum atom, and bridge-bonded refers to atoms which are 
bonded to two platinum atoms. This sample demonstrates a higher peak intensity for 
bridge-bonded CO than pure platinum surfaces, indicating the presence of surface 
palladium, which is known to have a higher percentage of bridge-bonded CO than 
platinum.'*®'^* Figure 3.13, which is from a 70 % CO-covered surface, confirms these 
findings. It can also be noted that the peaks red-shift between the CO-saturated surface 
and the partially covered surface. This is due to the weakened dipole-dipole coupling 
between the CO molecules on the partially covered surface.
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Figure 3.14 shows the atop-CO peak frequency (v) versus potential for the Pt/Pd 
and platinum black samples. The slope of these curves is known as the Stark tuning 
rate.'^ '* The Stark tuning rate is essentially the same for both platinum black and Pt/Pd. 
The only significant difference evident on the graph is the red-shift of the Pt/Pd data. 
This can be attributed to either smaller platinum particles in the Pt/Pd sample than the 
platinum black and/or stronger bonding between the metal and CO molecule. Each 
explanation holds merit, since the platinum domains would be smaller due to 
interruptions in the domain of the palladium particles on the surface, and the stronger 
bond between Pt/Pd and CO is evident by the shift of the CO stripping peak to more 
positive potentials.
Conclusions
The Ft/Pd particles were able to be preliminarily characterized via EC-IRAS. The 
low surface coverage necessary for EC-IRAS was achievable through both physisorption 
and chemisorption. The prominent bridge-bonded peaks in the spectra indicated the 
presence of palladium on the surface of the nanoparticles. These particles behaved much 
like platinum black, with essentially equivalent Stark tuning rates, but evidenced a red- 
shift in the CO peak positions, indicating smaller platinum domains on the surface of the 
nanoparticle and/or more tightly adsorbed CO. These studies can be used as a bench 
mark for further elucidation of the formic acid oxidation on platinum, Pt/Pd, and on 
palladium nanoparticles. The oxidation of formic acid should poison specific parts of the 
surface with different COads species, which would be distinguishable in nature (type of 
bonding, which metal bonded to) when compared to these data.
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mFigure 3.1: Spontaneous deposition cell showing - (A)
working electrode: combination of a low surface area Pt foil 
boat with platinum nanoparticles sedimented on top of one 
another (B) counter electrode (C) reference electrode (D) 
Luggin capillary, and (E) argon gas/solution exchange supply 
tube.
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Figure 3.2: Cyclic voltammograms of Pt black and increasing depositions 
o f  Pd to make Pt/Pd. Scan rate 5 mV s’', 0.1 M H2 SO4 supporting 
electrolyte.
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Figure 3.3: Cyclic voltammograms of Pt/C and increasing depositions of Pd to 
make Pt/Pd/C. PtPd/C cyclic voltammogram shown below graph for reference. 
Scan rate 5 mV s’*, 0.1 M H2 SO4 supporting electrolyte.
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Figure 3.4: CO stripping peaks of Pt black and increasing depositions of Pd to 
make Pt/Pd. Shift of peak center from 0.67 V r h e  up to 0.76 V r h e - Scan rate 5 
mV s '\  0.1 M H2 SO4 supporting electrolyte.
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Figure 3.5: CO stripping peaks of Pt/C and increasing depositions of Pd to 
make Pt/Pd/C. Shift of peak center from 0.75 V r h e  up to 0.88 V r h e  and back 
to 0.85 V r h e - PtPd/C peak shown for reference. Scan rate 5 mV s’*, 0.1 M 
H2 SO4 supporting electrolyte.
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Figure 3.6: Formic acid oxidation on decorated Pt/Pd and Pt/Pd/C compared to 
commercial Pt black, Pt/C, and PtPd/C catalysts. Oxidation at 0.3 V r h e  in 0.1 
M HCOOH with O.IM H2 SO4 supporting electrolyte.
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Figure 3.7: Formic acid oxidation on decorated Pt/Pd and Pt/Pd/C compared to 
commercial Pt black, Pt/C, and PtPd/C catalysts. Oxidation at 0 . 4  V r h e  in 0 .1  
M HCOOH with 0 .1  M H2 SO4 supporting electrolyte.
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Figure 3.8: Reactivity of various Pt/Pd catalysts toward formic acid oxidation at (a) 0.3 V 
and (b) 0.4 V vs. RHE obtained from chronoamperometry. Current density value taken 
after 3 hr of oxidation in 0.1 M HCOOH + 0.1 M H2 SO4 .
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Infrared Reflection-Absoiption Spectroscopy (IRAS)
IR  Soiirce
D etector
Figure 3.9: Schematic showing the mirror setup reflecting the interface 
between the IR source, the electrochemical cell, and the detector.
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■
■11
Figure 3.10: The electrochemical cell for the 
EC-IRAS experiment.
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Figure 3.11: Cyclic voltammograms of 50 mg cm-2 loading of Pt/Pd on gold 
disc. Top is normal cyclic voltammogram; bottom is CO stripping cyclic 
voltammogram. Scan rate 50 mV s'*.
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Figure 3.12: Infrared absorbance data varied with potential for saturated CO 
solution on Pt/Pd nanoparticles. Peak position of atop CO peak indicated 
above spectra.
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Figure 3.13: Infrared absorbance data varied with potential for 70 % 
saturated CO surface on Pt/Pd nanoparticles. Peak position of atop CO peak 
indicated above spectra.
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Figure 3.14: Stark tuning data of Pt black and Ft/Pd with saturated CO 
surfaces. Peak position of atop CO peak indicated above spectra.
68
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 4
Methyl formate as an alternative fuel source for fuel cells*
Abstract
Methyl formate is explored as an alternative fuel for the Pt/Pd nanoparticle 
catalyst. The fuel is examined for its behavior on smooth surface platinum electrodes, 
revealing a formic acid-like curve. Additionally, it is tested at various potentials on the 
Pt/Pd and Ft/Ru catalyst, revealing the low-potentiai activity of Pt/Pd catalyst. Finally, a 
ternary catalyst made of mixing the Pt/Pd and Pt/Ru catalysts is studied. Methyl formate 
appears to hydrolyze incompletely to formic acid and methanol under the experimental 
conditions. In addition, Pt/Pd was determined to have higher efficacy at lower anodic 
potentials than Pt/Ru.
Introduction
The need for alternative energy sources is of paramount importance in modem 
society. Research into fuel cell devices has primarily focused on hydrogen and methanol 
as oxidants, with platinum-based electrocatalysts facilitating the oxidation at the anode.* 
The most promising catalyst combination for both methanol and hydrogen is currently 
ruthenium-modified platinum (P t/R u ).R e c e n t advances have resulted in an altemative 
configuration, with formic acid as the oxidant and palladium decorated platinum (Pt/Pd) 
nanoparticles as the anode electrocatalyst.® Formic acid has proven superior to methanol, 
despite its lower energy density, mostly due to its rapid kinetics.'’’ ®
Since both methanol and formic acid have been put forth as promising fuels, a 
combination of the two lends itself to evaluation. Methyl formate is an ester formed by
* The results presented here have not been submitted for publication. It is the result of research that I 
performed with Erik Garnett, under the guidance of Professor Andrzej Wieckowski.
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the condensation of methanol with formic acid. The resulting structure has carbon- 
oxygen bonds and carbon-hydrogen bonds and a methanol-like moiety on one half and a 
formic acid-like moiety on the other half. This is promising due to for several reasons. 
First, there are no carbon-carbon bonds in the methyl formate molecule. Breaking these 
bonds would be energy prohibitive, costing too much in energy efficiency. Second, the 
energy contained in the bonds per volume is roughly equivalent between methanol and 
methyl formate, with 14.3 MC dm"  ^ and 12.5 MC dm '\ respectively.^ These are both
O Q
greater than formic acid, with 5.11 MC dm' .
Recent research has examined methyl formate as an oxidant, concluding that no 
advantage is gained over formic acid or methanol due to the overpotential required for 
oxidation.® However, this paper focused only on the use of either platinum black or 
platinum ruthenium as the anode electrocatalyst, before Pt/Pd was identified as a 
promising catalyst for formic acid.
Experimental
Experiments were carried out in a standard three-electrode electrochemical cell. 
The counter electrode was a platinized Pt mesh. The reference electrode was 
Ag/AgCi/3M NaCl, but all potentials are reported versus the Reversible Hydrogen 
Electrode (RHE). The electrolyte was 0.1 M H2 SO4 prepared using concentrated sulfuric 
acid (double-distilled from Vycor, GPS) and Millipore deionized water (Milli-Q, 18.2 
MQ/cm^). Experiments were performed using either a Solartron SI 1287 potentiostat 
under control of CorrWare software, or an Eco Chemie Autolab PGSTAT 30 using GPES 
software.
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Working electrodes were either a polycrystalline platinum disc or nanoparticles 
adsorbed to a polycrystalline gold disc. The discs were polished using increasingly fine 
grades of SiC paper/water and finally 1 micron Metadi diamond suspension / nylon 
polishing cloth (Buehler). Nanoparticles were deposited onto the gold electrode from 4 
mg mL"  ^ ink, and dried under heat lamp. Surface area was determined by integration of 
the underpotential adsorption / desorption peaks for platinum, and by integration of the 
CO stripping peak for Pt/Ru and Pt/Pd. Pt black and Pt/Ru black were obtained from 
Johnson Matthey. The Ft/Pd catalyst was produced as described previously.^ The ternary 
catalyst was created by mixing equal amounts of the Pt/Pd catalyst and Pt/Ru catalyst and 
sonicating to mix. This was done to ensure that catalyst loading would be similar to other 
electrodes (half the amount of Pt/Ru and Pt/Pd so as to create the same catalyst loading).
Solutions for catalyst testing were created using 0.1 M H2 SO4 electrolyte as the 
solvent. They consisted of 0.1 M methanol (99.9 %, Fisher Optima), 0.1 M formic acid 
(double-distilled, 8 8 %, GFS), and 0.1 M methyl formate (99 %, spectrophotometric 
grade, Aldrich). Solutions were deaerated by bubbling ultrahigh purity argon through the 
solution, and then enclosed to prevent any air from absorbing in the solution.
Results and discussion
The polished polycrystalline platinum disc was examined in supporting 
electrolyte and with oxidant present. Cyclic voltammetry was used, with a scan rate of 
100 mV s'*, and all results were normalized to surface area (Figure 4.1). The platinum 
disc showed similar response to that presented earlier for methanol*** and formic acid"* 
when varying scan rate and concentration were taken into account. Methyl formate 
demonstrated similar peak shapes and positions as formic acid; the main difference being
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that current density for methyl fomate oxidation on similar surfaces is markedly less 
than that of formic acid. The cyclic voltammogram shows an oxidation peak at ~ 1.0 
Vrhe on the forward going scan, which is attributable to CO oxidation to CO2 following a 
poisoning event. On the reverse scan, an oxidation peak at 0.75 Vrhe indicates the 
oxidation of the species on a clean, non-poisoned surface. These peaks are shifted in the 
positive potential direction due to the high scan rate necessary for the iow-surface-area 
smooth electrode. The similarity of the formic acid and methyl formate cyclic 
voltammograms, and their difference from methanol, indicate the primary oxidation event 
of methyl formate is most likely attributable to the formate half of the molecule.
Next, the Pt/Pd nanoparticle catalyst was analyzed in the oxidation of methyl 
formate. The catalyst was exposed to a solution of 0.1 M methyl formate in 0.1 M H2SO4 
at varying potentials. The logarithms of the current densities were plotted versus the 
potential, resulting in a standard Tafel plot (Figure 4.2). The resulting Tafel slope was 
determined to be ~ 128 mV/decade. This is close to 120 mV/decade, which is the 
corresponding Tafel slope to a single electron reaction in the rate determining step.
In addition to determination of the Tafel slope, the resulting current densities were 
compared to current densities at the same potentials of differing electrocatalysts. Table 
4 .1  illustrates the resulting current densities when 0.1 M methyl formate was oxidized on 
Pt/Pd and Pt/Ru at 0.2 V r h e ,  O .S Y r h e , 0 . 4  V r h e , and 0.5 V r h e .  For further comparison 
purposes, the Pt/Pd catalyst was exposed to 0.1 M methanol at the same potentials. 
Examination of Table 4.1 indicates that for the potentials of 0.2 V r h e  and 0.3 V r h e ,  the 
Ft/Pd catalyst is superior to the Pt/Ru catalyst, with current densities of 0.17 and 0.82 
versus <0.01 and 0.10 pA cm'^, respectively. This situation reverses at 0.4 V r h e  and 0.5
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Vrhe, where the Pt/Ru catalyst eclipses Pt/Pd with current densities of 9.25 and 43.17 
versus 4.48 and 35 pA cm'^, respectively. This flip occurs at the overpotential required 
for methyl formate oxidation on Ft and Ft/Ru electrodes, previously determined to be ~ 
0.33 V rhe- Thus, the presence of the Pd admetal on the Pt catalyst lowers the 
overpotential for oxidation significantly.
Upon examination of the results for methanol oxidation on Pt/Pd, it becomes 
apparent that methanol oxidation does not occur on the Pt/Pd catalyst to any discernible 
extent. Therefore, the current returned by the oxidation of methyl formate on Pt/Pd 
catalyst can only be attributed to the formate half of the molecule. These current 
densities are similar to that reported for formic acid on the Pt/Pd catalyst, but slightly 
lower (0 . 8  pA cm' at 0.2 V r h e  as opposed to 1 pA cm' for formic acid).
Following oxidation of the fuels, the fuel / electrolyte solution was replaced with 
fresh electrolyte, while maintaining potential control of the working electrode. Cyclic 
voltammetry was then performed to observe the coverage of poison on the electrode. As 
Figure 4.3 demonstrates, the CO poison coverage after methyl formate oxidation on Pt/Pd 
increases as the oxidation potential shifts negatively. This is also shown for Pt/Ru 
electrode (Figure 4.4). The poison coverage on both electrodes is 70 % of a monolayer 
(0.7 ML), which is essentially a saturated surface after oxidation of a fuel.** After methyl 
formate oxidation on the Ft/Pd electrode at increasingly higher potentials, the CO poison 
coverage decreases step-wise, corresponding with the step-vdse increase in potential. 
However, on the Ft/Ru electrode, the CO poison coverage is essentially equivalent for 0.3 
V r h e  and 0.4 V r h e , which are close to that for 0.5 V r h e - These coverages essentially
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demonstrate a steady-state coverage where oxidation of CO on the surface is in 
equilibrium with the formation of the poison.
Figure 4.5 shows the post-oxidation cyclic voltammograms for methanol on the 
Pt/Pd catalyst. The very low coverages of CO poison on the Pt/Pd catalyst, when 
combined with the information from the chronoamperometry, demonstrate the inefficacy 
of the Pt/Pd catalyst for methanol oxidation. This leads the conclusion that the methyl 
formate molecule is not completely oxidized on the Pt/Pd catalyst, but that the formate 
half of the molecule is, while the methanol side remains unutilized. These also lead to 
the conclusion that the CO poison evidenced on the Pt/Pd cyclic voltammograms 
following methyl formate oxidation is primarily due to oxidation of the formate half of 
the molecule. Since the oxidation currents are lower than formic acid, and Pt/Pd is 
inactive toward methanol, these observations are evidence that methyl formate 
incompletely hydrolyzes to methanol and formic acid in the cell.
The next step would be to try to combine the higher current density at more 
positive potentials of Pt/Ru with the extended potential region of the Pt/Pd. To 
accomplish this, a sample with a mixture of Pt/Ru and Pt/Pd was created. Figure 4.6 
shows the voltammogram of this sample superimposed over a Ft/Ru sample. Note the 
similar shape of the cyclic voltammogram. The features which are distinct are the 
broader CO stripping peak and the slight hydrogen adsorption and desorption peaks at 
0.25 V r h e - This sample, which had the same catalyst loading as the previous samples, 
returned no current below the 0.3 V r h e  threshold. However, the sample was composed 
of half the amount of Pt/Pd as compared to the non-mixed samples, so some current 
would be expected, predictably half the amount from the unadulterated sample.
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Conclusions
This study revealed properties of both methyl formate and Pt/Pd. Methyl formate, 
although postulated as an altemative to formic acid or methanol, was revealed to 
incompletely hydrolyze to methanol and formic acid under the conditions in the cell. 
This was shown by the cyclic voltammograms of the smooth platinum surfaces in the 
foel, which revealed a strikingly similar shape of methyl formate to formic acid, although 
with lower current. It was also demonstrated by the low currents returned by the Pt/Pd 
catalyst, which was proven insensitive to methanol oxidation. However, the study 
revealed the lower overpotentials needed to oxidize the methyl formate (as formic acid) 
as compared to Pt/Ru, indicating that a Pt/Pd catalyst in a formic acid fuel cell should 
have a larger open circuit potential. This is home out in the Direct Formic Acid Fuel
I ' j
Cell. Although the higher current densities above 0.3 Vrhe returned by methyl formate 
for Pt/Ru indicate that it may be a viable alternative to formic acid or methanol (alone) as 
a fuel, as presumably both halves of the molecule are utilized, other research has shown it 
bears no advantages over formic acid.® Finally, the ternary catalyst created by mixing 
Pt/Pd with Pt/Ru was demonstrated to not be a feasible altemative to Pt/Ru or Pt/Pd.
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0.2 V rhe 0.3 V r h e 0.4 Vrhe 0.5 Vrhe
Pt/Pd Methyl Formate 0.17 0.81 4.48 14.44
Pt/Ru Methyl Formate 0.007 0.10 9.25 43.17
Pt/Fd Methanol 0.007 0.004 0.009 0.014
Table 4.1: Table showing the corresponding current density (in pA cm'^) for examined 
catalyst / oxidant combinations at various potentials. Methanol is not reactive to Pt/Pd at 
any potential, methyl formate is reactive to Pt/Ru only above 0.3 V rhe, and methyl 
formate is reactive to Pt/Pd at all potentials tested. Concentrations of fuels were 0.1 M.
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Figure 4.1: Cyclic voltammograms of smooth polycrystaliine platinum disc in 
fuel / supporting electrolyte. Scan rate 100 mV s '\
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Figure 4.2: Tafel plot of methyl formate on Pt/Pd nanoparticies. Resulting Tafel 
slope is 128 mV/decade.
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Figure 4.3: Cyclic voltammograms of Pt/Pd following oxidation of methyl formate at 0.2 
V r h e  (dash-dot-dot), 0.3 V r h e  (dashed), 0.4 V r h e  (dotted), and 0.5 V r h e  (solid). Scan rate 
5 mV s'^
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Figure 4.4: Cyclic voltammograms of Pt/Ru following oxidation of methyl formate at 0.2 
V r h e  (dash-dot-dot), 0.3 V r h e  (dashed), 0.4 V r h e  (dotted), and 0.5 V r h e  (solid). Scan rate 5 
mV s'*.
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Figure 4.5: Cyclic voltammograms of Pt/Pd following oxidation of methanol at 0.2 
V r h e  (dash-dot-dot), 0.3 V r h e  (dashed), 0.4 V r h e  (dotted), and 0.5 Vrhe (solid). 
Scan rate 5 mV s'*.
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Figure 4.6: Cyclic voltammograms of Pt/Ru (dashed) and Pt/Pd mixed with 
Pt/Ru (solid). Scan rate 5 mV s'*.
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Chapter 5
Radiolabeling with electrochemistry of nanopartkle catalysts
5.1 Response of surface-bound CO on Pt and FtRu anodes to environmeiital 
stimulae”
Abstract
We studied the interaction of CO deposited on noble metal nanoparticle catalysts 
via oxidation of labeled methanol and formic acid. Commercially available Pt black, 
FtRu (50:50) alloy, and spontaneously decorated Ru on Ft nanoparticle catalysts were 
deposited on the working electrode in a three-electrode radio-electrochemical cell to 
achieve a roughness factor of -70. The surface was then poisoned via oxidation of the 
radiolabeled molecule. Finally, the electrolyte was exchanged to remove radiolabeled 
molecules from the bulk, and the remaining adsorbed CO was studied. We report the 
interactions of both hydrogen and carbon monoxide with the surface-bound CO at 
relevant potentials. We also examine the potential dependent desorption of the CO 
species for Pt electrodes with varying levels of surface Ru.
Introduction
Research relevant to polymer electrolyte membrane (PEM) fuel cells has been a 
prominent topic in surface studies in the last several years. The search for and study of 
anodic fuels for small, portable fuel cells, chiefly intended for powering handheld 
devices, has centered on molecules that are readily stored as a liquid. Attention has 
predominantly been focused on m e t h an o l w i t h  more recent interest focused on formic
* The results presented here have not been submitted for publication. It is the result of research that I 
performed in consultation with Dr. Piotr Waszczuk, under the guidance of Professor Andrzej Wieckowski.
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7  11acid. ■ In order to best design catalysts for these fiiei cells, a thorough understanding of 
the relationship between the fuels and the catalytic surface must be obtained.
The foremost relationship of interest between the fuel and the catalyst surface 
revolves around the principal surface poison. '^*’ *^ This poison has been accepted to 
primarily consist of carbon monoxide.*®’ In order to visualize the CO on the surface, 
we have used methanol and formic acid, labeled with carbon-14, as the source of the &el 
to be oxidized in our three-electrode radio-electrochemical cell. Previous work focused 
on CO resulting from the oxidation of methanol, with an inert electrolytic environment.*® 
This work introduces the use of formic acid as the source of CO, as well as the 
manipulation of the electrolytic environment through the introduction of various different 
gases.
The nature of the poison is not fully understood. Although most groups agree that 
the poison is CO, the type of bonding and strength of the bonds are still in debate. As 
determined from electrochemical IR experiments, the poison from methanol oxidation is 
linearly-bonded (atop) CO.®*'®'* These experiments included methanol oxidation at 
various potentials in the double layer and in the hydrogen underpotential deposition 
(Hupd) region. In experiments on platinum surfaces, Markovic and coworkers noted the 
properties of CO adsorbed at different potentials.®^ Markovic noted that CO adsorbed at 
low potentials (Hupd region) should have a packing density of 9 > 0.5 ML (monolayer), 
and experience lateral interactions destabilizing the layer of adsorbed CO. He labeled 
this as a weakly adsorbed CO (COad,w)- On the other hand, CO adsorbed at higher 
potentials would have a lower packing density and not experience as much lateral 
interaction; therefore, being more strongly adsorbed. He labeled these as COad,s- This
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study is intended to examine the nature of the adsorbed CO as a result of poisoning of 
radiolabeled methanol and formic acid, in order to address these issues.
Experimental
Experiments were, conducted at room temperature in the three-electrode radio- 
electrochemical cell. The counter electrode was platinum wire. The reference electrode 
was Ag/AgCl/3M NaCl, but ail potentials are reported versus the Reversible Hydrogen 
Electrode (RHE). The working electrode was created by depositing Au to a thickness of 
~ 500 A on polyimide foil, onto which was deposited sufficient Pt black (JM, HiSpec 
6000), PtRu alloy (JM, 50:50), or Pt black decorated with Ru to form a catalyst roughness 
of ~ 70. Electrolyte was 0.1 M H2 SO4 prepared using concentrated sulfuric acid (double- 
distilled from Vycor, GFS) and Millipore deionized water (Milli-Q, 18.2 MQ/cm^). The 
fuels to be oxidized were *‘^ C-methanol (ION, neat liquid) and '^^C-formic acid 
(Amersham, dilute sodium salt), which were adjusted to appropriate concentrations using 
Millipore water and methanol (Fisher, Optima) and formic acid (double-distilled, 8 8 %, 
GFS), respectively, in order to achieve a concentration of 0.01 M fuel in the cell. Gases 
used were H2 (UHF, S.J. Smith), CO (Matheson grade, S.J. Smith) and Ar (UHP, S.J. 
Smith). Electrochemical manipulations were performed using PAR 362 potentiostat with 
XY-recorder, while radiochemical measurements were made using an organic scintillator 
and PMT system coupled with Ortec Maestro 32 software.
Results and discussion
Adsorption of^^C poison on electrocatalyst
CO poisoning was accomplished for both methanol and formic acid oxidation in 
the cel! by exposing the surface to the fuel in the Ar purged electrolyte at 0.2 Vrhe, until
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a stable surface coverage had been achieved. This was determined by monitoring the 
surface counts until they remained constant for several hours. The solution was then 
exchanged with fuel-free electrolyte while maintaining potential control.
After electrolyte exchange, the signal received by the PMT corresponded only to 
that of the surface-bound CO and the natural background. Results indicated that CO 
coverage at these potentials was between 6  x and 7 x lO*'^  molecules cm‘^ , which is 
consistent with previously reported results. ’ ’ Assuming a polycrystalline platinum 
surface atom density of 1.3 x 10*'^  atoms cm'^, this would equate to surface coverages 
from ~ 0 = 0.45 ML to 0 = 0.53 ML, or roughly 0 = 0.5 ML. From the Markovic paper, 
this would be the transition point between COad.w and COad,s- This surface was then 
manipulated via potential control and/or by changing the physical environment by 
bubbling different gaseous species through the solution.
Poison response to potentiodynam ic environment for Ft and PtRu
The surface was first subjected to a slow potential scan of 0.1 mV s’\  from 0.2 
V r h e  to 0.9 V r h e  (0.8 V r h e  for PtRu) to determine the onset of CO instability and the 
potential of CO desorption for each catalyst. This experiment is analogous to CO 
stripping voltammetry, with the additional advantage of being able to directly observe the 
CO leaving the surface, as opposed to the indirect measurement of current (Figure 5.1). 
Due to the very slow scan rate (pseudo steady state), the potential determined for CO 
oxidation is markedly lower than that reported from conventional electrochemical scans 
(usually with sweep rates an order of magnitude higher), and is determined from the 
inflection point of the sigmoidal desorption curve. This inflection point corresponds to
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the peak position of a CO stripping voltammogram that was performed at the same, slow 
scan rate.
As Figure 5.2 demonstrates, the CO stripping potential for PtRu (50:50) is 0.35 
V r h e ,  while for Pt black it is 0.55 V r h e -  Many different groups have observed the PtRu 
(50:50) 0.2 V negative shift from Pt b l a c k . T h e  influence of increasing coverage of Ru 
on the Pt surface is illustrated by the shift of CO oxidation potential from the Pt surface, 
through the lower surface coverages of the decorated surface, to the PtRu (50:50) surface. 
The CO stripping potential for the 0=0.07 and 0=0.53 decorated nanoparticies are 
approximately 0.5 V r h e  and 0.4 V r h e ,  respectively. Although the 0=0.53 decorated 
PtRu catalyst has nominally the same surface concentration as the PtRu (50:50), it has a 
different stripping potential. This is due to different reasons. First, PtRu (50:50) alloy 
has an overall composition of 0.5 P t : 0.5 Ru, but actually has a surface composition of 
0.85 P t : 0.15 Ru.^  ^ Second, CO oxidation is different between the two surfaces, with the 
decorated nanoparticle exhibiting slower kinetics.^*'^*  ^ The two surfaces do compare, 
however, in the onset of CO instability, which occurs for both at approximately 0.3 V r h e -
Surface response to cell environmental changes
The next manipulation of the CO-covered surface was to subject the surface to 
various different bubbling gases at potentials of 0  V r h e  and 0 . 2  V r h e - The sample was 
first subjected to bubbling Ar under potential control, in order to determine the stability 
of the surface during exposure to an inert gas. The sample was then exposed to bubbling 
Ha gas at the same potentials. At each potential and for each catalyst, the coverage of CO 
on the surface showed no response to the introduction of the hydrogen gas (Figure 5.3). 
An additional slow scan polarization was performed in Ha to determine whether it had
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any effect on the potential of CO oxidation, with no differences in the desorption curve 
noted (Figure 5.4). This has also been observed in other experiments using different
71techniques. If the CO adsorbed on the surface was COad,w, then the expected response 
would be the loss of some of the adsorbed CO with the exposure to hydrogen until the 
coverage became < 0.5 ML, where the monolayer would relax and the CO would become 
COad,s- Since no loss of adsorbed CO is observed, this indicates that the poison from 
methanol and formic acid oxidation is adsorbed as COad.s-
In contrast to the effect of bubbling H2 , when the surface was exposed to bubbling 
CO, at low potential in the Hupd region, the radiolabeled CO was quickly displaced by 
non-labeled CO (Figure 5.5). These results indicate equilibrium between the 
chemisorbed CO and saturated bulk CO. This is consistent with the previous 
determination that the once the poison / CO coverage increases above q = 0.5 ML, it 
changes from strongly adsorbed CO to weakly adsorbed CO (vide supra). The weak 
nature is demonstrated by the displacement of the radiolabeled CO by unlabeled CO from 
the gas. Note that this is a displacement of the adsorbed molecule, not oxidation of the 
CO to CO2 , which indicates that the poison is not irreversibly chemisorbed, as described 
in the IR papers.^*’^  ^ These inconsistencies must be investigated further by modeling and 
other experiments.
Conclusions
The understanding of the relationship between adsorbed CO and the anode 
catalyst in DMFC and DFAFC is essential in the development of advanced anode 
electrocatalysts. The previous model for CO adsorbed on platinum and platinum-based 
nanoparticle electrodes was that of an irreversibly adsorbed species, removable only by
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oxidation to CO2 at sufficient oxidation potential at a given temperature, or displacement 
of COad.w in the presence of hydrogen. This study has revealed that the poison from 
methanol and formic acid oxidation is strongly adsorbed CO (C0 ad,s)5 which is not 
displaceable by hydrogen. It also has elucidated the equilibrium between surface-bound 
CO and bulk CO. Additionally, these results have verified that the strongly adsorbed CO 
from methanol and formic acid oxidation is not irreversible adsorbed.
5.2 Nature of the surface poison from methanol and formic acid oxidation on 
platinum-based electrodes*
Abstract
We studied the interaction of *"^ C labeled methanol and formic acid on the anode 
catalyst of in a half-cell simulated fuel cell. Commercially available Pt black and FtRu 
(50:50) alloy nanoparticle catalysts were deposited on the working electrode in a three- 
electrode radio-electrochemical cell to achieve a roughness factor of ~70. The surface 
was then poisoned via oxidation of the radiolabeled molecule. Finally, the electrolyte 
was exchanged to remove radiolabeled molecules from the bulk, and the remaining 
adsorbed CO was studied. We report the dissimilarities between poison formation of 
methanol and formic acid on platinum electrodes in both potentiostatic and 
potentiodjmamic environments.
The results presented here have not been submitted for publication. It is the result of research that I 
performed in consultation with Dr. Piotr Waszczuk, under the guidance of Professor Andrzej Wieckowski.
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Introduction
The oxidation of formic acid over platinum based catalysts has been studied 
previously and presented in review papers as a dual-path m e c h a n i s m .^ I n  this 
mechanism, formic acid is either directly oxidized to CO2, or proceeds through a reaction 
intermediate CO state, which is then oxidized to COa.^  ^ If the reaction proceeds through 
the latter route over a platinum catalyst at potentials below the CO oxidation potential, 
the CO poisons the platinum surface. The nature of the dual-path is still in debate, with 
observations from electrochemical and other surface-sensitive techniques noting the 
potential dependence on the pathway.^^’ In most of the cases, CO is postulated as a 
reaction intermediate which acts as a surface poison on platinum.^^’ This mechanism 
is postulated to be similar to the CO dual path mechanism of methanol oxidation.^^’
The nature of the poison is debatable, as most of the techniques used to study it 
(electrochemistry, vibrational spectroscopy, etc.) are indirect and rely on the responses of 
various properties (charge, bond motion, etc.) to draw conclusions regarding the molecule 
itself. Moreover, earlier works could only examine the surface in pseudo- 
potentiodynamic regimes, as the equipment and recording devices were limited in scope. 
One method of observing the actual poison is through the use of radiolabeling of the 
carbon molecule with carbon-14, and observing the beta spectrum given off when the 
molecule decays. This method was used extensively by Wieckowski and Sobkowski in 
the 1970’s to study the interaction of formic acid with platinized (Roughness = 50) 
platinum electrodes. This work extends the previous study to nanoparticle electrodes, 
with computer-assisted recording of the decay signal over short time frames.
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An additional issue which has been investigated, but which has not been applied 
to the oxidation of formic acid, is the reverse water-gas shift/^"' '^  ^ In this phenomenon, 
when CO2 is present with Hi in solution at a platinum electrode, an adsorbed poison, 
known as reduced ‘CO2 ' is formed. Due to the need for Hi to be present, the reverse 
water-gas shift primarily happens at potentials corresponding to the underpotentia! 
deposition of hydrogen on platinum.'*^
Experimental
Experiments were conducted at room temperature in the three-electrode radio­
electrochemical cell. The counter electrode was platinum wire. The reference electrode 
was Ag/AgCl/3M NaCl, but all potentials are reported versus the Reversible Hydrogen 
Electrode (RHE). The working electrode was created by depositing Au to a thickness of 
~ 500 A on polyimide foil, onto which was deposited sufficient Pt black (JM, HiSpec 
6000) or FtRu black (JM, 50:50) to form a catalyst roughness of ~ 70. Electrolyte was 
0.1 M H 2 S O 4  prepared using concentrated sulfuric acid (double-distilled from Vycor, 
GFS) and Millipore deionized water (Milli-Q, 18.2 MO/cm ). The fuels to be oxidized 
were *'^C-methanol (IGN, neat liquid) and '^’C-formic acid (Amersham, dilute sodium 
salt), which were adjusted to appropriate concentrations using Millipore water and 
methanol (Fisher, Optima) and formic acid (double-distilled, 8 8 %, GFS), respectively, in 
order to achieve a concentration of 0.01 M fuel in the cell. Gases used were H2 (UHF, 
S.J. Smith), CO (Matheson grade, S.J. Smith) and Ar (UHP, S.J. Smith). Electrochemical 
manipulations were performed using PAR 362 potentiostat with XY-recorder, while 
radiochemical measurements were made using an organic scintillator and PMT system 
coupled with Ortec Maestro 32 software.
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Results and discussion
Simultaneous radiometric and voitammetric measurements were perfomied to 
compare the behavior of methanol and formic acid in a dynamic regime. These
17experiments were very simitar to those performed by Waszczuk et al., but were 
performed at a slower sweep rate of 1 mV s'*. Figure 5.6 demonstrates the differing 
responses of the two fuels over a Pt nanoparticle catalyst over the potential range. On the 
anodic scan, oxidation of formic acid begins at ~  0.125 V r h e ,  with a rapid buildup of CO 
on the surface until the end of the hydrogen adsorption / desorption region (Region I) at ~ 
0.35 Vrhe- In Region II, the double layer region, the CO coverage from formic acid does 
not increase, remaining constant, until the CO is oxidized to C O 2 at ~  0 . 6  V r h e ,  clearing 
the surface of CO. However, in this region, formic acid is still being oxidized. In Region 
III, the platinum oxidation region, the oxidation of formic acid greatly decreases, 
presumably due to oxide formation on the surface of the platinum. No CO forms on the 
surface. On the cathodic scan, no buildup of CO is noted for formic acid in regions H & 
III. Again, formic acid is still being oxidized in Region II, but no buildup of CO on the 
surface is noted in this scan. When the scan crosses the threshold into Region I, the CO 
surface coverage again rapidly increases until the scan reaches the oxidation 
overpotential of ~ 0.125 V r h e ,  where it proceeds as in the previous scan.
The behavior of methanol, however, differs from formic acid. During the anodic 
scan, oxidation of methanol begins at a slightly higher overpotential (~ 0.175 V r h e )  and 
continues throughout Region I. Unlike formic acid, CO adsorption from methanol 
oxidation continues to build well into Region II, all the way up until the potential of CO 
oxidation, ~ 0.6 V r h e -  Again, in Region III, methanol oxidation greatly decreases,
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similar to formic acid. On the cathodic scan, in contrast to formic acid, CO buildup 
begins immediately after the threshold for CO oxidation is crossed in Region II, and 
continues slowly building into Region I, until the oxidation overpotential is reached.
The cyclic voitammogram of the 0.01 M formic acid in 0.1 M H2 SO4 
(superimposed over a Pt black CV in 0.1 M H2 SO4 ) (See Figure 5.7) can be better 
understood by studying the behavior of the carbonaceous poison species presented in 
Figure 5.6. The hydrogen desorption peaks are depressed in the anodic sweep due to the 
formation of poison on the surface at these potentials, followed by a gradually increasing 
current relating to the oxidation of the CO molecules on the surface to CO2 . However, on 
the cathodic sweep, the first hydrogen adsorption peak (most negative) is slightly smaller 
than the peak on the CV in supporting electrolyte, while the second peak is significantly 
diminished. This is due to the increasing formation of poison on the surface during the 
cathodic sweep, from a surface virtually free of poison to one almost 25 % covered. It is 
noted that the current from the end of the hydrogen desorption region on the anodic 
sweep to the middle of the hydrogen adsorption region on the cathodic sweep is elevated 
above the baseline, due to oxidation of formic acid in solution.
Figure 5.8 shows a cyclic voitammogram of 0.01 M methanol in 0.1 M H2 SO4 
superimposed over the Ft black CV in 0.1 M H2 SO4 . The CV appears similar to the 
formic acid CV, with a few notable differences. The current returned for the methanol 
CV is higher, due to methanol being a superior fuel to formic acid for platinum. On the 
cathodic sweep, the methanol CV features a peak at ~ 0.75 Vrhe that is absent from the 
formic acid CV. This is most likely due to the rapid oxidation of methanol to CO2 at this 
potential along a different pathway than that of formic acid. The current then decreases
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rapidly due to poison formation on the surface, as opposed to the constant positive 
current seen in the formic acid CV. The cathodic current returns to the current of the CV 
in supporting electrolyte at ~ 0.4 V r h e , versus the similar point occurring at ~ 0.2 V r h e  in 
the formic acid CV. Also, the area of the first hydrogen adsorption peak is much more 
suppressed on the methanol CV due to the greater extent of poison coverage.
The potentiodynamic method was utilized to explore the threshold value for 
hydrogen underpotential deposition on platinum. As Figure 5.9 shows, the formic acid 
poison formation on the initial anodic scan and the following cathodic scan follows the 
same behavior as in Figure 5.6. However, the vertex potential on the cathodic scan was 
changed to 0.3 V r h e ,  reflecting the end of the double layer region / begirming of the 
hydrogen underpotential deposition region. As the scan was reversed, no poison was 
observed on the subsequent anodic scan. This observation is reflected in the experiment 
shown in Figure 5.10. In this case, the vertex potential on the cathodic scan is changed to 
0 . 2  V r h e ,  entering partly into the hydrogen underpotential deposition region. In this case, 
poison formation was again evident, but at a lower level than that on the initial anodic 
scan (which began at 0  Vrhe)-
It is to be noted that poison does form on the surface of a platinum electrode at 
potentials in the double layer under potentiostatic conditions. In a final phase of the 
experiment, the electrode was manipulated as in Figure 5.9, but the scan was stopped at 
0.3 Vrhe and the surface was observed. Poison buildup was observed in this case, but at 
a slower rate than that observed when the electrode was exposed to formic acid at 0 . 2  
Vrhe-
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By taking these combined radiometric and voitammetric experiments into 
account, the potential dependent pathways of oxidation of methanol and formic acid may 
be further understood. Below 0.35 V, the formic acid is reduced to form a CO surface 
poison by interacting with surface-boimd hydrogen atoms, such as in the following 
mechanism;
Pt-COOH + Pt-H ^  Pt-CO + H2 O 
While above 0.35 Vrhe, the formic acid is oxidized directly to CO2 . This is in contrast to 
the methanol pathways,"*  ^ in which oxidation to CO is the predominant pathway up to ~ 
0 . 6  V r h e , where oxidation to CO2 takes over. When the reverse water-gas shift is taken 
into consideration, it is possible that the oxidation proceeds completely to CO2 , which 
then interacts with hydrogen (in the double layer or adsorbed to the platinum) to become 
CO.
Conclusions
The mechanisms of oxidation of formic acid and methanol differ with respect to 
the platinum nanoparticle catalyst. Methanol has a greater tendency to poison the 
platinum surface with CO, an intermediate of the oxidation reaction. The adsorbed CO 
pathway is the preferred path of methanol oxidation until the potential of CO oxidation is 
reached (0 . 6  V r h e ) ,  at which time there is only a small window until the Pt surface 
oxidation occurs and activity is greatly diminished. In contrast, formic acid has shown a 
tendency to follow an adsorbed CO pathway only at lower potentials, possibly where the 
surface environment has generated CO rather than oxidized fuel completely, as illustrated 
through the proposed mechanism.
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This observation could hold much promise in the field of fuel ceil research. If the 
poison formation from formic acid oxidation occurs only in the presence of hydrogen, 
then this problem can be addressed. Possible alternatives would be to design a binary or 
ternary catalyst which does not promote hydrogen adsorption on the surface or in the 
double layer. This would limit the use of platinum in the catalyst, due to its affinity for 
hydrogen below 0.3 V r h e -
5.3 Formic acid oxidation poisoning of palladium nanoparticles
Abstract
We examined the oxidation of formic acid on palladium nanoparticles in order to 
further elucidate the poisoning species. We performed chronoamperometric experiments 
to confirm that the surface does become poisoned during formic acid oxidation. We then 
oxidized '"‘C-labelled formic acid over a palladium surface, and observed the resulting 
buildup of carbon-containing particles on the surface. This revealed the lack of a 
significant carbon-containing poison species. This result was confirmed by performing 
CO stripping voltammetry on the palladium nanoparticles after solution exchange under 
potential control.
Introduction
The emergence of the formic acid fuel ceil with Pt/Pd anode catalyst has reopened 
the issue of formic acid oxidation and its poisoning effects.**’ The commonly
accepted mechanism for formic acid oxidation on platinum is the dual-path mechanism
* The results presented here have not been submitted for publication. It is the result of research that I 
performed in conjunction with Hee Soo Kim, under the guidance of Professor Andrzej Wieckowski.
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originally proposed by Capon and Parsons. Due to the dual nature of the binary 
catalyst, this mechanism may not hold true for Pt/Pd. In order to further understand the 
mechanism and its poison byproducts, formic acid oxidation should be observed on 
palladium catalyst, in addition to the well-studied platinum catalyst.
Formic acid oxidation has been observed by electrochemical and vibrational 
techniques on both platinum^^’ and palladium.^^’ Although most works which 
focus on palladium discuss the high CO-toierance when formic acid is oxidized on 
palladium, the amount of poison formation and its identity have not been confirmed by 
direct observation. ’ This work presents some electrochemical results for formic acid 
oxidation on palladium black along with radiochemical results which eliminate 
carbonaceous species from contention.
Experimental
Experiments were conducted at room temperature in the three-electrode radio­
electrochemical cell. The counter electrode was platinum wire. The reference electrode 
was Ag/AgCl/3M NaCl, but all potentials are reported versus the Reversible Hydrogen 
Electrode (RHE). The working electrode was created by depositing Au to a thickness of 
~ 500 A on polyimide foil, onto which was deposited sufficient Pd black (JM, HiSpec 
6000) to form a catalyst roughness of ~ 70. Electrolyte was 0.1 M H2 SO4 prepared using 
concentrated sulfuric acid (double-distilled from Vycor, GFS) and Millipore deionized 
water (Milli-Q, 18.2 MQ/cm^). The fuel to be oxidized was *"^C-formic acid (Amersham, 
dilute sodium salt), which were adjusted to appropriate concentrations using Millipore 
water and formic acid (double-distilled, 8 8 %, GFS) in order to achieve a concentration of 
0.01 M fuel in the cell. Gases used were CO (Matheson grade, S.J. Smith) and Ar (UHP,
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S.J. Smith). Electrochemical manipulations were performed using PAR 362 potentiostat 
with XY-recorder, while radiochemical measurements were made using an organic 
scintillator and PMT system coupled with Ortec Maestro 32 software.
Results and discussion
The palladium black catalyst was deposited onto a gold working electrode. The 
surface area was determined via CO stripping, and then the electrode was exposed to 0.1 
M  formic acid in 0.1 M  H2 SO4 at 0.4 Vrhe for greater than 10 hours. Figure 5.11 shows 
the resulting chronoamperometric curve, plotted against similar data for formic acid 
oxidation on the Pt/Pd catalyst. Initially, formic acid oxidation on palladium black has a 
much higher activity than that for Pt/Pd, but as is evident by the shape of the curve, a 
poison is formed which eventually diminishes the activity of formic acid on palladium to 
unusable levels. Since the dual-path mechanism for formic acid oxidation on platinum 
indicates that the poison is CO, it would make sense that that is the case here.
In order to determine the extent of the CO poisoning on the palladium black, 
radiolabeling combined with electrochemistry was used. The electrode was prepared and 
subjected at 0.2 V r h e  to 0.01 M formic acid in H2 SO4 , as 0.1 M formic acid would be too 
high of a concentration for this t e c h n i q u e . A t  this potential, the formation of CO from 
formic acid oxidation should be evident. The oxidation was allowed to proceed for up to 
24 hours. The resulting adsorption curve is shown in Figure 5.12. This experiment was 
performed several times with different surfaces to ensure that the results were consistent. 
As Figure 5.12 shows, there was negligible buildup of radiolabeled on the surface. 
To confirm this, the surface was held under potential control (electrode covered with 
electrolyte at all times, potential of 0 . 2  V r h e )  and the solution was exchanged with formic
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acid-free electrolyte. CO stripping cyclic voltammetry was performed. As Figure 5.13 
shows, only a very small CO stripping peak was observed. Assuming a palladium 
surface atom concentration of 1.33 x 10^  ^ atoms cm'^, this coverage was (at a 
maximum) 0 = 0.05 ML. This amount of CO was not enough to account for the results 
shown in Figure 5.11. This is evidence that the palladium catalyst is not poisoned by CO 
in the oxidation of formic acid. This result was also noted from FTIR experiments on 
Pt(l 11)/Pd (where the palladium was a frill monolayer).^®
Conclusions
Formic acid was oxidized on palladium nanoparticles at potentials where 
poisoning would occur. Chronoamperometry reveals the presence of a poison which 
causes reactivity to decrease to impractical levels. Experiments performed on the surface 
with radiolabeled formic acid revealed the absence of significant quantities of carbon- 
containing species (CO), which were expected to poison the surface. Follow-up cyclic 
voltammograms performed after solution exchange under potential control also indicated 
no significant CO species on the nanoparticles. These results, when taken with FTIR 
results on single crystals, along with the high current density returned when palladium 
decorated platinum nanoparticles oxidize formic acid, indicate that oxidation of formic 
acid on palladium does not result in CO poison formation.
List of references
(1) Arico, A. S.; Creti, P.; Kim, H.; Mantegna, R.; Giordano, N.; Antonucci, V. 
Journal o f the Electrochemical Society 1996,143, 3950-3959.
(2) Choi, W. C.; Kim, J. D.; Woo, S. I. Catalysis Today 2002, 74, 235-240.
(3) Choi, J. H.; Park, K. W.; Lee, H. K.; Kim, Y. M.; Lee, J. S.; Sung, Y. E.
Electrochimica Acta 2003, 48, 2781-2789.
100
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(4) Dinh, H. N.; Ren, X. M.; Garzon, F. H.; Zelenay, P.; Gottesfeld, S. Journal o f 
Electroanalytical Chemistry 2000,491, 222-233.
(5) Lima, A.; Coutanceau, C.; Leger, J. M.; Lamy, C. Journal o f Applied 
Electrochemistry 2001, 31, 379-386.
(6 ) Zhou, Z. H.; Wang, S. L.; Zhou, W. J.; Wang, G. X.; Jiang, L. H.; Li, W. Z.;
Song, S. Q.; Liu, J. G.; Sun, G. Q.; Xin, Q. Chemical Communications 2003, 3, 
394-395.
(7) Baldauf, M.; Kolb, D. M. Journal o f Physical Chemistry 1137,100, 11375-11381.
(8 ) Ha, S.; Rice, C. A.; Masel, R. I.; Wieckowski, A. Journal o f Power Sources 2002, 
112, 655-659.
(9) Rhee, Y. W.; Ha, S. Y.; Masel, R. I. Journal o f Power Sources 2003,117, 35-38.
(10) Rice, C.; Ha, R. I.; Masel, R. I.; Waszczuk, P.; Wieckowski, A.; Barnard, T. 
Journal o f Power Sources 2002, 111, 83-89.
(11) Rice, C.; Ha, S.; Masel, R. I.; Wieckowski, A. Journal o f Power Sources 2003, 
115,229-235.
(12) Waszczuk, P.; Barnard, T. M.; Rice, C.; Masel, R. L; Wieckowski, A. 
Electrochemistry Communications 2002, 4.
(13) Weber, M.; Wang, J. T.; Wasmus, S.; Savinell, R. F. Journal o f the 
Electrochemical Society 1996,143.
(14) Qi, Z. G.; He, C. Z.; Kaufman, A. Journal o f Power Sources 2002, 111, 239-247.
(15) Yu, H. M.; Hou, Z. J.; Yi, B. L.; Lin, Z. Y. Journal o f Power Sources 2002,105, 
52-57.
(16) Manasilp, A.; Gulari, E. Applied Catalysis B-Environmental 2002, 57,17-25.
(17) Waszczuk, P.; Wieckowski, A.; Zelenay, P.; Gottesfeld, S.; Coutanceau, C.; 
Leger, J. M.; Lamy, C. Journal o f Electroanalytical Chemistry 2001, 511, 55-64.
(18) Anderson, A. B.; Grantscharova, E. Journal o f Physical Chemistry 1995, 99, 
9143-9148.
(19) Waszczuk, P.; Lu, G. Q.; Wieckowski, A.; Lu, €.; Rice, C.; Masel, R. I. 
Electrochimica Acta 2002, 47, 3637-3652.
(20) Somorjai, G. A. Journal o f Physical Chemistry B 2002,106, 9201-9213.
(21) Jusys, Z.; Behm, R. J. Journal o f Physical Chemistry B 2001,105, 10874-10883.
101
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(22
(23
(24
(25,
(26)
(27
(28
(29
(30
(31
(32
(33
(34
(35
(36
(37
(38
(39
Coutanceau, C,; Hahn, F.; Waszczuk, P.; Wieckowski, A.; Lamy, €.; Leger, J. M. 
Fuel Cells 2002, 2,153-158.
Park, S.; Xie, Y.; Weaver, M. J. Langmuir 2002,18, 5792-5798.
Jambunathan, K .; Hiiiier, A. C. Journal o f Electroanalytical Chemistry 2002, 524, 
144-156.
Markovic, N. M.; Grgur, B. N.; Lucas, C. A.; Ross, P. N. Journal o f Physical 
Chemistry B 1999,103,487-495.
Wieckowski, A.; Sobkowski, J. Journal o f Electroanalytical Chemistry 1975, 63, 
365-377.
Jusys, Z.; Kaiser, J.; Behm, R. J. Electrochimica Acta 2002, 47, 3693-3706.
Lu, G. Q.; Waszczuk, P.; Wieckowski, A. Journal o f Electroanalytical Chemistry
2002, 532,49-55.
Chrzanowski, W.; Kim, H.; Wieckowski, A. Catalysis Letters 1998, 50, 69-75.
Chrzanowski, W.; Wieckowski, A. Langmuir 1998, 14, 1967-1970.
Parsons, R.; Vandemoot, T. Journal o f Electroanalytical Chemistry 1988, 257, 9- 
45.
Capon, A.; Parsons, R. Journal o f Electroanalytical Chemistry 1973, 4 4 ,1.
Sun, S.-G. In Electrocatalysis-, Lipkowski, J., Ross, P. N., Eds.; Wiley-VCH: New 
York, 1998, pp 243.
Beden, B.; Leger, J. M.; Lamy, C. In Modern Aspects o f Electrochemistry, 
Bockris, J. O., Conway, B. E., White, R. E., Eds.; Plenum Press: New York, 1992; 
Vol. 22, pp 97.
Lu, G. Q.; Crown, A.; Wieckowski, A. Journal o f Physical Chemistry B 1999,
103, 9700-9711.
Arenz, M.; Stamenkovic, V.; Schmidt, T. J.; Wandelt, K.; Ross, P. N.; Markovic, 
N. M. Physical Chemistry Chemical Physics 2003, 5, 4242-4251.
Macia, M. D.; Herrero, E.; Feliu, J. M. Journal o f Electroanalytical Chemistry
2003, 554, 25-34.
Casado-Rivera, E.; Gal, Z.; Angelo, A. C. D.; Lind, C.; DiSalvo, F. J.; Abruna, H. 
D. Chemphyschem 2003, 4, 193-199.
Jiang, J.; Kucemak, A. Journal o f Electroanalytical Chemistry 2002, 520, 64-70.
1 0 2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(40) Mrozek, M. F.; Luo, H.; Weaver, M. J. Langmuir 2000,16, 8463-8469.
(41) Hamnett, A. In Interfacial Electrochem istry', Wieckowski, A., Ed.; Marcel 
Dekker: New York, 1999, pp 843-883.
(42) Sobkowski, J.; Czerwinski, A. Journal o f Physical Chemistry 1985,89, 365-369.
(43) Urian, R. C.; Gulla, A. F.; Mukerjee, S. Journal o f Electroanalytical Chemistry 
2003, 554, 307-324.
(44) Czerwinski, A.; Sobkowski, J. Journal o f Electroanalytical Chemistry 1975, 59, 
41-46.
(45) Lai, L. B.; Chen, D. H.; Huang, T. C. Bulletin o f the Chemical Society o f Japan 
2003, 76, 1273-1278.
(46) McGovern, M. S.; Garnett, E. C.; Rice, C.; Masel, R. I ;  Wieckowski, A. Journal 
o f Power Sources 2003,115, 35-39.
(47) Yang, Y. Y.; Sun, S. G.; Gu, Y. J.; Zhou, Z. Y.; Zhen, C. H. Electrochimica Acta 
2001,46, 4339-4348.
(48) Lee, J.; Christoph, J.; Strasser, P.; Eiswirth, M.; Ertl, G. Journal o f Chemical 
Physics 2001,115,1485-1492.
(49) Schmidt, T. J.; Behm, R. J.; Grgur, B. N.; Markovic, N. M.; Ross, P. N. Langmuir 
2000, 76,8159-8166.
(50) Smith, S. P. E.; Ben-Dor, K. F.; Abruna, H. D. Langmuir 2000,16, 787-794.
(51) Kibler, L. A.; El-Aziz, A. M.; Kolb, D. M. Journal o f Molecular Catalysis A- 
Chemical 2003,199, 57-63.
(52) Baldauf, M.; Kolb, D. M. Journal o f Physical Chemistry 1996,100 ,11375-11381.
(53) Berezin, M. Y.; Wan, K. T.; Friedman, R. M.; Orth, R. G.; Raman, S. N.; Ho, S. 
V.; Ebner, J. R. Journal o f Molecular Catalysis A-Chemical 2000,158, 567-576.
(54) Wieckowski, A. Modern Aspects o f Electrochemistry 1990, 21, 65-119.
(55) Angerstein-Kozlowska, H. In Comprehensive Treatise on Electrochemistry, 
Yeager, E., Bockris, J. O. M., Conway, B. E., Sarangapani, S., Eds., 1984, pp 15- 
59.
103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Pt black
0.6
0.6
 CO stripping LSV
—O- ’“co desorption0.4
0.4
0.2
0.2
0.0 0.0
0.20 0.25 0.35 0 .40  0 .45
E I V  vs. RHE
0.55 0.600 .30 0.45 0.50 0.65
Figure 5.1: CO stripping LSV superimposed over ’‘^ CO desorption curves for 
PtRu (50:50) and Pt black. CO stripping peak position coincides with 
inflection point of ^ '^ CO desorption curve. Scan rate 0.1 mV s '\
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Figure 5.2: Slow potential scan (0.1 mV s"') of commercially available and modified 
Pt based nanoparticles. CO adsorbed by oxidation of radiolabeled 0.01 M methanol or 
0.01 M formic acid in 0.1 M H2 SO4 at 0.2 Vrhe, and then electrolyte changed out to 
0.1 M H2SO 4. Ru decorated nanoparticles created via spontaneous adsorption 
technique.
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Figure 5.3: CO coverage of Pt black and PtRu (50:50) alloy nanoparticle samples 
exposed to bubbling Ha gas showing no effect due to oxidation of hydrogen. Slight 
decrease in coverage for PtRu (50:50) alloy sample consistent with behavior under inert 
(Ar) purging.
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Figure 5.4: Desorption of CO from catalyst surface by slow potential scan, with (open 
circles) and without (black squares) Hi bubbling. The presence of Hi in solution has no 
effect on either catalyst. Scan rate 1 mV s'K
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Figure 5.5: The effect of bubbling gaseous CO over a ‘^’C-decorated catalyst surface. 
Surface counts stable under Ar bubbling prior to initiating CO sparge. Arrows indicate 
initiation of CO bubbling.
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Figure 5.6: Simultaneous radiometric and voitammetric scan experiment detailing the 
adsorption of CO from methanol and formic acid oxidation. Region I is the hydrogen 
adsorption/desorption region, Region II is the double layer region and Region III is the 
oxidation region. Scan rate 1 mV s'*.
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E / V vs. RHE
Figure 5.7: Cyclic voltammetry of 0.01 M formic acid in 0.1 M H2 SO4 (solid line) 
with a Pt black catalyst versus CV in 0.1 M H2 SO4 (dashed line). Scan rate was 1 mV
s-‘.
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Figure 5.8: Cyclic voltammetry of 0.01 M methanol in 0.1 M H2 SO4 (solid line) over Pt 
black nanoparticles versus CV in 0.1 M H2 SO4 (dashed line). Scan rate was 1 mV s'^
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Figure 5.9: Simultaneous radiometric / voitammetric scan experiment with 
reversal at 0.3 Vrhe- N o buildup of CO on surface of following forward scan. 
Scan rate 1 mV s '\
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Figure 5.10: Simultaneous radiometric / voitammetric scan experiment with 
reversal at 0.2 V rhe- CO buildup evident when sample enters hydrogen UPD 
region. Scan rate 1 mV s’^
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Figure 5.11: Chronoamperometry of Pd black and Pt/Pd in 0.1 M  HCOOH 
and 0.1 M H 2 SO4  at 0.4 Vrhe- Although Pd black shows much higher 
activity initially, it shows evidence of poisoning, decreasing to low current 
density.
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Figure 5.12: Adsorption of poison on palladium surface from 0.01 M HCOOH 
in 0.1 M H2 SO4 at 0.2 V r h e -  Heavy dashed line indicates 0 = 0.05 ML and 
lighter dashed line indicates poison coverage from similar conditions on 
platinum.
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Figure 5.13: Cyclic voltammograms of palladium. Top cyclic voitammogram 
is CO saturated. Bottom is following HCOOH oxidation. 5 mV s'^  scan rate.
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